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SUMMARY

The objective of the work performed under this contract was to
develop analytical methods for the selection of dry-lubricated
f light-control bearings for helicopter conditions of use. The
conditions of use selected for investigation included appro-
priate ranges of static radial load, cyclic radial load, angle
of ball oscillation , phase angle between cyclic radial load and
angle of ball oscillation, speed of ball oscillation, static
axial load, contamination (hostile environments) and combina-
tions of these variables.

A statistically designed test program was performed to determine
the effect on bearing—liner wear—life of these variables and
their combinations. Wear-life equations were derived from the
test results by statistical process. The wear-life equations
were tested by selecting additional test conditions and running
further tests.

It was found that the entire population of 48 test bearings
consisted of two separate and distinct populations, namely:
bearings with water contamination and bearings without water
contamination. Within the specified limitations, the wear—life
equations allow a designer to calculate wear and radial play
with a statistically accepted confidence level. However, the
designer is cautioned that the predictive equations may not be
within ±~ times the standard error of the estimate for the veryshort lives that result when water is present.

By rigorous definition, the wear-life equations are valid for
the test conditions of this program: one size, one manufacturer
and the variables tested over the ranges tested. However, test
data are cited in Appendix E which indicate the equations will
be valid over a range of sizes and for equivalent quality of
manufacture, indicating that cautious general use of the wear-
life equations may be made.

One portion of the program was to investigate the modification
of an existing bearing wear-life equation to see if it could
be made to be accurate for helicopter control system conditions.
No successful modification was found. An equation was derived
from the test data based on the well-known pressure x velocity
(PV) approach. It was shown that PV is a significant variable.
However, the PV equation explains only 32.8% and 63.2% of the
variation in wear factor for the bearings tested without water
and with water, respectively.
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Another portion of the program investigated the incremental
wear theory. This theory recognizes that a force is applied
by the ball to the liner and the force travels a known dis-
tance. By definition, work is done. Some. of the work results
in wear. According to this approach, an increment of force
which moves an incremental distance will produce an increment
of wear. One corollary of this theory is that total wear is
independent of the sequence with which various parts of a duty
cycle are performed. Test data seems to confirm this corollary.
This is an important concept because it allows the summing of
wear lives from different load exposures during a mission
profile.

A second corollary is that bearing—liner wear capacity can be
measured by a very low—cost continuous-rotation wear test.
This corollary was not proven or disproven because non-typical
wear occurred during testing, a result of continuous—rotation
test conditions that were inadvertently over-severe.

It was concluded that statistical design of test conditions,
coupled with statistical analysis of test results, is a very
useful procedure for investigating the many variables asso-
ciated with helicopter control system bearing selection. The
wear—life equations presented in this report represent a
significant first step in improved helicopter flight-control
bearing selection. It is recommended that the scope of the
wear-life equations be increased by additional testing to
evaluate the effects of bearing size, manufacturer, out-of—
plane motion, water, and combinations of contaminants such as
water with sand and dust and oil with sand and dust. Further,
additional continuous rotation tests with lower energy input
should be done to pursue this low-cost approach to bearing
life testing.
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PREFACE

The Applied Technology Laboratory at Fort Eustis, Virginia
supervises research programs aimed at improving the life and
reliability characteristics of components used on current and
future Army helicopters. The prediction of wear life and
reliability of dry lubricated flight control bearings used in
helicopters has been identified as a problem area. Accordingly ,
the development of an improved analytical method of bearing
selection for specific application requirements has been per-
formed under Contract DAM 2-76-C-0035. Technical direction
was provided by Mr. Joseph McGarvey , r. M.B. Salomonsky ,
Mr. E.A. Birocco, and Mr. Joseph D. Dickinson , Aerospace
Engineers at the Applied Technology Laboratory at Fort Eustis,
Virginia. This report describes the test planning, the test-
ing, the data analysis, and the development of the design
equations. The test specimens were Type I Spherical Flight
Control Bearings fabricated in conformance with MIL-B-8].819,
Draft *5 and MS141O1-6 Bearing Standards by Rexnord Inc.
Bearing Division, Downers Grove, Illinois. The program re-
ported herein was accomplished during the period from 22 June
1976 to 28 Februar’~ 1978. _The work was conducted at~~~man
eroi~â~e Corporation , Bloomfield, Connecticut under thetechnical supervision of Mr. Edward Nagy, Project Engineer.
He was assisted in the desigff ö € experiments and equation
derivation by Mr. C.W. Carter, an industrial management con-
sultant with considerable expertise in the statistical and
factorially designed experimental testing field. Overall
cognizance of the program was maintained by Mr. Robert B.
Bossier, Jr., Chief of Mechanical Systems Research.
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INTRODUCTION

Rod end bearings are used extensively in heiicopters, and a
large percentage of these bearings are located in the flight
control systems. The behavior of a helicopter in flight is
peculiarly dependent on flight control bearings. Dry lubri-
cated bearings are widely used because they are cost and
weight effective. Characteristically , a ball is mounted
within a surrounding metallic shell which has a spherical in-
ternal cavity fitted with a low friction wear surface usually
made of some form of polytetrafluoroethylene (PTFE). This
configuration permits relative motion about one, two or three
axes; but, as with all bearings, internal clearance must be
present in order to allow relative motion of the parts. Too
much internal clearance, such as caused by wear, leads to lost
motion between the pilot’s input and the rotor(s) response.
The lost motion often leads to pounding when loads reverse
rapidly, usually with each revolution of the rotor, thus
causing serious vibration problems. Bearing wear can accel-
erate in these conditions, making a bad situation worse and
possibly leading to the eventual loss of the helicopter. Thus,
considerable scrutiny is given to the selection and test eval-
uation of dry lubricated flight control bearings.

Unfortunately for the helicopter industry , the selection of
dry lubricated flight control bearings is handicapped by a
lack of information concerning their behavior under typical
helicopter load, speed and environmental regimes. One can
understand why detailed bearing performance data suitable for
wear prediction is so sparse. The explanation is that there
are very many factors which act and interact to produce wear
in complex bearing applications. The relationships among these
factors are imperfectly understood, so that their individual
and interactive contributions to bearing wear have not been
adequately described mathematically nor determined empirically.

The helicopter controls designer is painfully aware of the
lack of good bearing design information for his applications,
wt~.ch involve relatively high sliding velocities and periodic
v4(bratory or cyclic loading at different frequencies, in or
c~üt of phase with the sliding motion. These complex factors
4nteract among themselves and with various environmental
/factors to make the prediction of bearing wear more an art
than a science. Nonetheless, the control designer must come
to grips with the problem. The techniques used vary with the
individual, his experience, and the application. In general,
however, the major considerations affecting the selection of
a particular bearing include estimates of peak loads, oscil-
latory frequencies, the geometry of the particular application
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(will the bearing fit?) and a large measure of prior experience.
The selection , then, is subject to change and modification as
a result of expensive and time—consuming tests, and too fre-
quently the changes are major.

The objective of the work performed under this contract was to
develop analytical methods for the selection of dry lubricated
helicopter f l ight control bearings for specific conditions of
use . The conditions of use include static radial load , cyclic
radial load , speed of ball oscillation, angle of ball oscil-
lation, phase angle between cyclic radial load and angle of
ball oscillation, static axial load, contamination and com-
binations of these variables. Performance was to be measured
by radial clearance which is directly related to wear. Equa—
tions would be developed which would permit the designer to
predict the wear expected from a particular application and
therefore to select a bearing which has the reliability re-
quired.

18



TECHNIQUES FOR EQUATION DEVELOPMENT

We have used three general analytical techniques in developing
a wear-life equation . These techniques are an empirical , a
deterministic, and a theoretical approach to equation develop-
ment. They are discussed separately below.

Preliminary to the task of developing a design equation , a
series of test results must be obtained. These test results
must be secured through a planned experiment in order to
obtain answers in the most e f f ic ient  and productive manner.
The empirical approach was used to design most of our tests.
The statistical methods of fraction-factorial experimentation
which were utilized digressed from the primitive pattern of
keeping all things constant while changing only one variable.
Instead , the methods consisted of varying many factors within
the constraints of statistical discipline. The technique
evaluated the effect  on the dependent variable , bearing wear ,
of each independent variable linearly and nonlinearly and the
interactions of two or more independent variables. It iden-
tified and eliminated variables and combinations of variables
which had negligible influence on bearing wear . The technique
did not require massive amounts of testing. Because of the
large number of independent variables, this approach was con-
sidered the most realistic. It gave better results with higher
confidence at lower cost than any other method .

We have found no evidence of the application of statistical
design of experiments or statistical analysis of results in
the dry lubricated bearing industry. While it has been
applied successfully in many other instances involving mul-
tiple variables, we seem to be plowing new ground with this
particular application . Postulating the variables most im-
portant to wear and inferring their interactions requires
engineering judgment and opinion. While we believe our under-
standing of these mechanisms is adequate for many purposes ,
the interactions described in the Taylor expansion equation
and the test design allow impartial test results to determine
the relative importance of the variables and their actions in
the wear equation . This eliminates bias which would influence
results in a conventional deterministic approach.

The second general analytical technique was the deterministic
approach. This approach assumed that important variables and
their interactions are known qualitatively. The work to be
done was to express the equation quantitatively. Essentially,
a presently used bearing selection equation was changed as
required by the test data to produce a wear life equation for
the particular type and make of bearing tested .
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Finally , t~ e third analytical technique was the theoretical
approach. It is obvious that a force is applied by the ball
to the liner and the force travels a known distance. By
definition, work is done. Some of the work results in wear .
We attempted to solve for the increment of wear produced by
each increment of force as it moves through each increment of
distance. This calculation is amenable to integral calculus
and is easily adapted to computer calculation. Two important
corollaries appear logical :

1. Total wear is independent of a series of required
duties.

2. Wear life of a bearing can be assessed by a simple
continuous rotation test wherein wear, pressure and
distance—under—pressure are measured.

The first corollary is important because it allows the summing
of wear lives from different  load exposures during a mission
profile. The second corollary is important because such test-
ing is very fast, simple and cheap compared to conventional
bearing evaluation testing.
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EMPIRICAL APP ROACH
INTRODUCT ION

The empirical approach consisted of:

1. Identification of the primary operating parameters.

2. Identification of additional operating parameters.

3. Selection of variables to be tested .

4. Selection of variable levels.

5. Selection of statistical testing technique.

6. Development of experimental design for screening
tests.

7. Completion of the screening tests (twrelve-bay test
rig).

8. Development of preliminary equations using stepwise
multiple regression.

9. Selection of test conditions for validation tests.

10. Completion of the validation tests (twelve-bay test
rig) .

11. Development of final equations using stepwise multiple
regression .

PRIMARY OPERATING PARAMETERS

The following factors can influence bearing wear, service life,
and reliability:

Linear Sliding Velocity - This parameter is the velocity
of the ball relative to the race (liner). This quantity
is a function of the angle through which the ball rotates
relative to the race , the frequency of this motion , and
the ball’s diameter.

Static Radial Load - Although control rod ends are
operating in cyclic motion , they are usually subject to
a static load during the entire cycle.

Cyclic Radial Load - This parameter varies with rotor
azimuth position and has magnitude , frequency, and
phasing relative to the sliding velocity.

Static Axial Load - This factor can be described as the
force along the axis of the ball’s bolt hole tending to
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dislodge the ball f rom the race . This factor can be
significant because there is relatively little bearing
surface to react the load .

C~ c1ic Axial Load - This load varies with rotor .a..zimuth
and has mágnitude, frequency, and phasing relative to
the sliding velocity .

Out—of-Plane Motion. - This parameter can be described
as the angle ,and phasing of motions out of the design
plane of rotation , caused by the ball rotating about an
axis other than the axis perpendicular to the plane of
the race (wobble about the normal axis of rotation) .

Temperature - MIL—B-8l8l9 Draft #5 states by reference
to MSl4lOl and MSl4lO4 that the upper temperature limit
is 325°F. However , temperatures below 325°F reduce the
wear life of these bearings. Approaching wear-out,
temperature increases at the liner surface , thu s accel-
erating wear.

Contamination - The contaminants cited in MIL-B-818l9
Draft #5 increase bearing wear depending on the make of
bearing . In addition , P-D-680 Type I cleaning solvent,
salt water , M2V hydraulic oil , and JP-5 fuel may in-
crease bearing wear in certain liner systems.

ADDITIONAL OPERATING PARAMETERS

In addition to the previously mentioned parameters, the follow-
ing parameters can be considered to affect bearing wear life
in helicopter usage :

1. Cyclic radial load phase relative to the maximum
linear velocity.

2. Cyclic axial load phase relative to the maximum
linear velocity .

3. Cyclic radial load frequency relative to the ball
oscillation frequency (1 per rev, 2 per rev, etc.).

4. Cyclic axial load frequency relative to ball
oscillation frequency (1 per rev, 2 per rev, etc.).

5. Salt water contamination (This parameter can have
especially severe effects on bearing performance,
but Army helicopters normally do not operate in
salt-laden air.)
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6. Inner race or outer race rotation.

7. Bearing size.

8. Bearing manufacturer and liner system used.

9. Compression or tension loading .

10. Break-in.

11. Initial clearance (both radial and axial).

12. Interference fit.

13. Hours of usage.

14. Attitude (horizontal or vertical, shank up or down).

15. Bearing internal friction.

VARIABLES SELECTED FOR TESTING

Appendix A of this report describes the rationale used in the
selection of the variables to be tested in this program. Of
the various parameters previously listed, the following vari-
ables were selected for investigation :

1. Sand and dust contamination.

2. Cleaning solvent contamination.

3. Hydraulic fluid contamination.

4. Water contamination.

5. Static radial pressure.

6. Speed of ball oscillation.

7. Ball oscillating angle.

8. Cyclic radial pressure.

9. Static axial load.

10. Phase angle between the cyclic radial pressure and
the ball oscillating angle.

11. Compression and tension loading.

23



12. Hours of usage.

SELECTION OF VARIABLE LEVELS

Once the variables had been identified , the number of levels
and the values for these levels had to be determined for each
variable. Table A-i of Appendix A presents a list of the
common helicopter ranges of variables and the four pages
immediately following Table A-i describe the reasoning used to
select the levels. Contamination was listed as one variable
with five conditions: none, sand and dust, cleaning solvent,
hydraulic fluid , and water . Static radial pressure (psi) had
four levels: 2000C, l000C , 0, and 2000T. Speed of ball
oscillation (cpm) had three levels: 300, 600, and 900. Ball
oscillating angle (deg) had three levels: 5, 10, and 15.
Cyclic radial pressure (psi) had four levels: 0, 1000, 1500,
and 2000. Phase angle (deg) between ball oscillating angle
and cyclic radial pressure had three levels: 0, 45, and 90.
Static axial load (ib) had three levels: 0, 30, and 60.
Finally , the hours of usage was set at 350 hours or failure,
whichever came first.

STATISTICAL TESTING TECHNIQUE

To examine, in a full factorial experiment, the main effects
and all interactions for the first seven variables and their
respective levels as previously listed , a total of 5x4x3x3x4x3x3
(or 6480) test.s would be required . The number of tests was
reduced to a practical size by using a modified random assign-
ment type of fraction factorial technique. Appendix A describes
this technique and summarizes the major steps to develop the
experimental design.

DEVELOPMENT OF EXPERIMENTAL DESIGN FOR SCREENING TESTS

Briefly , the fractional factorial technique that was used
herein consisted of the following steps:

1. Select the number of tests to be performed in the
screening test phase of the program. (In this
program, 36 tests were selected as discussed in
Appendix A).

2. Use a table of random numbers to help select the
particular level to be used for each variable in
each particular test. This is subject to the con-
straint of balance which calls for an equal number
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of tests for each level of a given variable. The
only exception was the variable contamination which
had five conditions. It was decided that seven test
specimens were to be tested with each of four con-
taminants and eight test specimens were to be tested
with no contaminants.

3. Identify each of the 21 possible first-order inter-
actions and any of the second—order interactions
which have likelihood of being significant.

4. For each of the interactions identified, draw an
interdesign interaction matrix with the number for
each test located in the proper element of the
matrix. See Figure 1 for interdesign BxF as an
example. (Note that the ideal design consisted of
an equal number of test specimens located in each
element. At least 2 specimens should be provided ,
if possible, for replication purposes.)

5. Reassign test specimen numbers within each of the
matrices wherein imbalance exists.

6. Finally, choose the test bays and the order of
testing by the random number process, being careful
to remain within the constraints of the test rig.
Restrictions imposed by the test rig included :

a. Only twelve bearings could be tested at one time.

b. Of the twelve bearings in a above, four had to
be tested at 300 cpm, four at 600 cpm, and four
at 900 cpm.

The final conditions chosen for the screening tests are shown
in Table 3 of this report and in Table A-3 of Appendix A.
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BXF INTERACTION OF THE 36 ‘LEST SPECIMENS

- 
F - STATIC AXIAL LOAD

F1 = O L B  F2 = 3 O LB F3 = 6 O LB

B— 
B =300 25, 30, 33, 28, 29 26, 27, 31,
3 -

~~~~ ~~~ ~~A, ,
Speed

of
B — 1, 3, 4, 2, 5, 6, 7, 10

Ball i 600 8, 11, 12 9
Oscil 

-

_________  ____________  _____________  ______________

lation 
B —900 15, 22 13, 18, 20, 14, 16, 17,

(CPM) 2 21, 23 , 24 19

Note: Numbers inside the matrix are the bearing test
specimen numbers.

Figure 1. Interdesign interaction BXF
(for 36 screening tests).
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SELECTION OF TEST CONDITION S FOR VALIDAT ION TESTS

In direct contrast to the random selection of conditions for
the screening tests , the conditions for the validation tests
on the twelve—bay test rig were selectively determined . Once
the screening tests had been completed, a stepwise regression
analysis , as described in Appendix B, was performed in order
to obtain a preliminary equation for wear. This equation was
used to calculate predicted wear values for all levels of the
primary variables-—contamination , static radial pressure, CPM,
angle of oscillation , cyclic radial pressure, static axial
load, phase angle--for 350 hours of test time. As discussed
in Appendix C in greater detail, the total number of calcu-
lations was 10,125. From these predicted wear values, 78
conditions were chosen to represent both the highest and
iowest calculated wear values. (Some of the lowest calculated
wear values were even negative.) Eventually , twelve conditions
were chosen for the validation tests. Please see Appendix C
for a more detailed description of the selection process. The
test conditions selected for the validation tests ~re shown inTable 5 and Table C-3 of Appendix C.
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DETERMINISTIC APPROACH

INTRODUCT ION

The deterministic approach utilizes existing bearing selection
techniques modified as required by the test data. Suitable
bearing selection equations were changed to produce a wear l i fe
equation for the particular type and make of bearing tested.

EQUATIONS SELECTED

Our literature search through the auspices of University of
Connecticut’s New England Research Application Center (NERAC)
and other sources , although obviously not all—encompassing ,
unearthed various equations presented by bearing manufacturers.
One of the best equations was given in nomograph form by Rex-
nord, Inc., Downers Grove, Illinois. The Rexnord equations
were also chosen because they were presented for the Rexlon
liner system , the very system possessed by the bearings tested
in this program. The Equation Development section of this
report describes the Rexnord equations and their subsequent
modification.

As discussed in Appendix D of this report, our attempts to
revise the Rexnord equations to fit our test data were not
successful. After trying other equations, we finally had
partial success with the frequently used PV-Wear factor
equation. The modified equatiàn produced predicted values
which explained 32.8% and 63.2% of the variation in wear factor
for the bearings tested without water and with water, respec-
tively. The Equation Development section of this report
describes the equation modification in detail.
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THEORETICAL APPROACH

INTRODUCTION

Our theoretical approach to bearing wear life prediction re-
lied upon a simple , basic energy concept. A force applied to
the liner by the ball travels through a known distance and
consequently work is done . Some part of this work results in
wear. Within limits of load and velocity, wear is linear with
distance.

The intent was to solve for the increment of wear produced by
each increment of force as it moved through each increment of
distance. Test data from the Continuous rotation test rig
was used for this calculation. The information needed to pre-
dict wear life was wear versus pressure at all anticipated
velocities. According to the theory, with this information
life can be calculated for any combination of static and dynamic
loads acting at any relationship to any ball motion. The wear
life is a function of the sum of the absolute values of the in-
stantaneous pressure times the instantaneous velocity. This
calculation is amenable to integral calculus and is easily
adapted to computer calculation. Two important corollaries
appear logical:

(1) Total wear life is independent of a series of
required duties.

(2)  Wear l ife of a bearing can be. assessed by a
simple continuous rotation test wherein wear ,
pressure and distance-under—pressure are measured .

The f irst  corollary is important because it allows the summing
of wear lives from different load exposures during a mission
profile. The second corollary is important because such test-
ing is very fast, simple and cheap compared to conventional
bearing evaluation testing.

COROLLARY NO. 1

In an attempt to prove this corollary, tests of two identical
M514101-S bearings, serial numbers 363 and 364 , were conducted
on the four-bay test rig from September 15, 1976 to November
12, 1976. Each bearing was tested a total of 638.5 hours and
was subjected to approximately 128 hours of testing at each of
five different load levels. The bearings were alternated from
bay no. 1 to bay no. 2 so that each bearing had approximately
320 hours of testing in each of the two test bays. The test
rig is described in the Test Program section of this report.
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The radial load was always tension (never compression) and the
five levels of load were 240,  480 , 600, 720 , and 960 pounds.
The 600-pound load developed a static radial pressure of
approximately 2000 psi. The oscillation frequency of the in-
plane motion of the ball was 300 cpm with a ± 10° angle of
oscillation. No out-of-plane motion was present and no con-
tamination was used. Zero cyclic radial pressure , zero static
axial load , and zero phase angle were used.

COROLLARY NO. 2

In order to investigate this corollary, continuous rotation
tests had to be performed.

An orthogonal Latin square design was chosen for the contin-
uous rotation wear tests because a balanced design could be
obtained with the four variables: static radial pressure,
speed of ball rotation, static axial load, and out—of-plane
motion. The initial pattern is shown in Table 1.

TABLE 1. LATIN SQUARE DESIGN

STATIC STATIC
RADIAL AXIAL LOW SPEED HIGH SPEED
PRESSURE LOAD OUT-OF-PLANE IN-PLANE )LJT-OF-PLANE IN-PLANE

HIGH X X X X

HIGH _____________ 
55

LOW X X X X
_________ _______ _______________ 

51 53 
__________

HIGH X X X X
_______ _______________ 

52 54 
__________LOW

LOW X X X X
________ _______ 

50 
__________ ______________ 

56

If one test specimen was provided for each element in the
array, a total of 16 test specimens would be required. By
providing only eight test specimens (Specimens #49 through #56),
located as shown, the design became a half-replicate. The
design still had balance, but the main effects have been con-
founded with the second-order interactions and the first-order
interactions have been confounded with themselves.
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SELECTION OF VARIABLE LEVELS

The Latin square design of Table 1 listed the four variables,
each of which had two levels. The low static radial pressure
was chosen to be 2000 psi compression because this was the
radial pressure specified for the dynamic test requirements of
MIL-B-8l819, Draft #5 and was used by the Naval Air Develop-
ment Center at Warminster, Pa. for the tests discussed in
Appendix E of this report. The high static radial pressure
was chosen to be 4000 psi compression because this was the
maximum radial pressure ever applied to any of the test bear-
ings in the twelve-bay test rig.

Next, the pv relationship was used to determine the high and
low values for the speed of ball rotation. The maximum PV
used in the screening tests in the twelve-bay test rig was
50,572 psi-fpm. A PV of this magnitude on the continuous
rotation test rig would require a ball rotational speed of
77.3 rpm at the 4000 psi static radial pressure level. For
simpli f ication , the high value of ball rotational speed was
chosen to be 75 rpm which produced a ball surface velocity of
12.27 fpm. The 75 rpm speed developed a PV of 49,086 and
24,543 psi—fpm for the 4000 psi and 2000 psi static radial
pressure levels, respectively.

A PV of 32,725 psi-fpm was calculated for the -6 bearing
dynamic test requirements of MIL-B-81819, Draft #5. A PV of
this magnitude on the continuous rotation test rig would re-
quire a ball rotational speed of 50 rpm at the 4000 psi static
radial pressure level. Thus, the low value of ball rotational
speed was chosen to be 50 rpm, which produced a ball surface
velocity of 8.18 fpm. The 50 rpm speed developed a PV of
32,725 and 16,362 psi—fpm for the 4000 psi and 2000 psi static
radial pressure levels, respectively. It is important to note
that the selection of the 50 and 75 rpm speeds produced four
different PV test values that were in the ratio of 1, 1.5, 2,
and 3 times the lowest value of 16,362.

The high static axial load was chosen to be 60 pounds, which
was the highest static axial load used on the twelve—bay test
rig. The low static axial load was chosen to be zero. The
out—of-plane motion was chosen to be 6°, which was equivalent
to the transient values listed for the transverse and rota-
tional angles of oscillation in Table A-l, Appendix A , of this
report.

The resultant list of test conditions is shown in Table 2.
The Test Results section of this report describes the selection
of test conditions for the validation tests.
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TEST PROGRAM
INTRODUCT ION

In order to obtain the data for the equation development phase
of this program, it was necessary to procure test bearings, in-
stall them in housings, modify test rigs, and conduct the tests.

OBJECTIVE

The overall objective of the test program was to measure thewear of the test bearings at various times as the bearings
were being tested in order to be able to accurately determine
the shape of the wear curve, including any break-in wear phe-
nomenon. Specific test objectives were:

1. Obtain test results from 3 separate test runs
using 12 test specimens per run for a total of
36 specimens.

2. Obtain test results from 4 separate runs using
2 specimens per run on the continuous rotation
wear rig.

3. Obtain test results from 1 validation test run
performed on each of 12 individual test specimens.

4. Obtain test results from 1 validation test run
performed on each of 2 test specimens on the
continuous rotation wear rig.

5. Obtain test results from .2 MSl4lOl-8 bearings
to be tested on the four—bay test rig.

DESCRIPTION OF TEST RIGS

The test specimens were tested in one of three wear test rigs.
These three test rigs will be described in detail in the
following subparagraphs.

A. Twelve-Bay Wear Test Rig - This test rig was a modifica-
tion of the existing twelve-bay wear test rig which was used
to test the wear-indicating rod end (WIRE ) under USAAMRDL
Contract DAAJO2—75—C-0031. (See Reference 1 for a complete
description of the test rig with photographs included.) As
shown in Figure 2, the wear test rig consisted of twelve

I Nagy, E.J., Wear-Indicating Rod End Bearing, USAAMRDL Tech-
nical Report 76—14, Eustis Directorate, U.S. Army Air Mobility
Research and Development Laboratory , Fort Eustis, Virginia ,
September 1976, ADA030641.

33



~~7: °i ~=~~~i— 

~ET~ 
(
~

)
~~J

H 

_ _ _

~~~~~~~ u~~. —.

= 
~~~~~~~

P ~~~~~~~L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~

/~
— 4’ti— E~~~

>- w
<(/) 1—

L ~~~~~~~~~~~~~~~~~~
= _ _ _ _

0-~~~~~~==~~r~i L ~~~~~
~~~~

I i -—

L~~~~[~i2i~ 
--

34



individual test stations. Each test station had provisions
for testing one test specimen . The test specimen was r’osi-
tioned midway between two heavy-duty rig bearings. A suitable
length NAS464-6 bolt was used to clamp two bushings against
the ball of the bearing and to provide the radial load path.

As shown in Figure 3, radial load (both static and cyclic of
either tension or compression) was provided by a shaft-driven
cam coupled to a 2 to 1 load multiplier arm. The static load
was adjusted with the turnbuckle and the cyclic load was
adjusted with the cam.

For the bearings which were tested with zero cyclic radial
load, the vibratory radial load cam was removed and replaced
with a spring-bank assembly as shown in Figure 4. The spring
was selected with a spring rate of approximately 150 pounds
per inch. Thus, less time was required to check and readjust
the loading for these test bearings.

The test specimen at each test station was thus. radially loaded
and held stationary while the ball was oscillated through the
required angle by a torque arm which was also part of the afore-
mentioned bolt-bushing-ball stack-up. The torque arms for bays
#1, 2, 3, and 4 were driven by a common oscillating shaft and
the radial load cams for bays #1, 2, 3, and 4 were driven at
the same speed. The timing belts and the three 45° spaced holes
on the vibratory radial load cam shaft allowed the phase angle
between the cyclic radial load and the ball oscillating motion
to be adjusted to 0°, 45°, or 90° for each test specimen. A
similar setup was available for bays #5, 6, 7, and 8 as well as
bays #9, 10, 11, and 12, except that bays #9, 10, 11, and 12
ran at a higher speed than bays #1, 2, 3 , and 4. Bays #5, 6,
7, and 8 ran at a speed intermediate between the bays situated
on both sides. The entire test rig was driven by a 7.5-hp
van -drive electric motor which allowed adjustment of the rig
speed.

The ball angular oscillation was adjusted by positioning the
horizontal push-rod in any of the three possible horizontal
positions.

The axial load was applied to the test specimen using a setup
as shown in Figure 5. The spring which was previously cali-
brated for compression load versus compressed length was used
to apply the axial load to the ball of the bearing via a steel
cable. The load was reacted by a steel spacer.
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The water and sand and dust contaminants were manually applied
to each side of the ball by either spraying or dusting while
the ball was being oscillated . The contaminants were applied
once each hour for 8 hours , followed by approximately 16 hours
without contamination being applied , at which time the contam-
ination cycle was repeated.

The load applied to each of the twelve test specimens was
established and continuously verified by the use of twelve
strain—gage bridges (one for each test specimen). These
bridges were Poisson axial bridges located on the radial load
application arm located directly below the specimen as shown
in Figure 3. Each of the twelve bridges was calibrated against
company standards. The signals from the individual bridges
were fed through necessary signal-conditioning apparatus and
read out on a CEC 12-inch oscillograph.

B. Continuous Rotation Wear Test ~ig - As shown in Figure 6
the continuous rotation wear test rig had provisions for test-
ing two test specimens simultaneously . Each test specimen was
installed at the end of one of two continuously rotating shafts
which were supported on suitable bearing pillow blocks. The
shafts were driven through an adjustable sheave V-belt instal-
lation by a constant speed motor. Thus, both test bearings
were tested at the same speed within the range of 50 rpm and
75 rpm. The two test stations each had provisions for app i-
cation of steady axial load up to a maximum of 60 pounds with
a cable—pulley deadweight system. The radial load at each
test station was developed by deadweight applied through a
force multiplying lever system and had radial load capability
up to 642 pounds. Provisions were made available at each test
station to align the ball for 00 (in-plane testing) or up to
6° (out-of-plane) testing.

C. Four-Bay Wear TeSt Rig - This rig is a four-bay constant
radial load test rig . The location of the test specimen spaced
midway between two rig bearings and the use of an NAS464 bolt
for both clamping bushings against the ball of the test bearing
and providing the radial load path make this test rig very
similar to the twelve-bay rig. However , the test specimen is
located such that the centerline of the bolt hole in the ball
and the applied radial load lie in a horizontal plane rather
than a vertical plane. The steady tension load was applied by
a turnbuckle and monitored with a Chatillon dynamometer.
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TEST SPECIMEN

The test bearings used in this program were limited by Request
For Quote DAAJO2-76-Q— 0004 to Type I spherical flight control
bearings fabricated in general conformance with MIL-B-8l819,
Draft #5 and demonstrating wear performance consistent with
bearings G-l6-2 (RexrLord TGA-7l6, Rexlon -2) and G-l6-8 (Kahr
KNDB16—32, Kahrlon X12005) which were —16 size bearings tested
by the Naval Air Development Center, Warminster, Pennsylvania
to test condition #2 of Table II, page 7, MIL-B-81819, Draft
#5. Since Request For Quote DAAJO2-76—Q-0004 also specified
that existing test rigs be used, Kaman Aerospace Corp. proposed
testing of —6 size bearings which could be easily tested in
their existing twelve-bay test rig. Rexnord bearings were
eventually used because the delivery schedule for these bear-
ings was more consistent with the schedule of this program.
Seventy-six bearings were obtained from Rexnord with part
number TGA-706, Rexlon -2 liner system. These bearings were
MSl4lOl-6 bearings which had to be installed in Kaman manu-
factured rod ends for use in this program. Figure 7 depicts
the rod end housing manufactured by Kaman Aerospace Corp. for
the testing. A minimum of 14 housings were manufactured for
use in this program. These housings were designed to be
identical to the requirements of MIL-B-8l8l9, Draft #5, Table
II and Figure 3.

TEST PARAMETERS

The test specimens described above were tested in various
conditions and in two different test rigs. Forty-nine test
specimens were tested on the twelve—bay test rig and ten test
specimens were tested in the continuous rotation test rig.
The test conditions for these test specimens as well as for
the two MS141O1-8 bearings tested in the four-bay test rig
follow.

A. Screening Tests in Twe1ve—Ba~~Test Rig 
- Table 3 lists

the test conditions for the screening tests. (See Appendix A

~r a summary of the modified fraction factorial techniqueused to ertablish these test conditions.) As shown in Table
3, a total of 36 test specimens were tested in groups of 12.
Column 2 of Table 3 specifies a sequence number of 1, 2, or 3
for each screening test, indicating whether the test specimen
was tested in the first, second~ or third grovp of 12. Column
3 indicates which bay of the test rig was used for each spec-
imen. The remaining seven columns of Table 3 list the values
of the seven variables to which the respective specimens were
subjected . Table 4 lists the seven variables and their re-
spective levels.
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TABLE 4. LIST OF VARIABLES AND THEIR.RESPECTIVE LEVELS

CODE VARIABLE LEVELS

A Static Radial Pressure (psi) 2000C, l000C, 0,
2000T (See Note 1)

B Speed of Ball Oscillation (cpm) 300, 600, 900

C Ball Oscillation Angle (deg) ±5, ±10, ±15

D Cyclic Radial Pressure (psi) 0, ±1000, ±1500,
±2 00 0

E Phase Angle Between C & D (deg) 0, 45, 90

F Static Axial Load (lb) 0, 30, 60

G Contaminants None , S&D, Water ,
500A, 680 (See
Notes 2 through 5)

NOTES:

1. “C1’ indicates that the radial load arm on the
test rig will be in compression. ~T~1 indicates
tension.

2. S&D means sand and dust ~Arizona Road Dust,
P/N 1543094)

3. Water means distilled water .

4. 500A means Skydrol 500A hydraulic fluid.

5. 680 means P-D—680 , Type I , dry cleaning solvent.

B. Validation Tests in Twelve-Bay Test Rig - Twelve test
specimens were tested in the validation phase of the program.
Table 5 lists the Test Conditions for the validation tests.
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C. Screening Tests in Continuous Rotation Test Rig - Eight
bearings were tested at the test conditions shown in Table 6.
(See the Theoretical Approach section of this report under the
heading Corollary No. 2 for a summary of the Latin square de-
sign used to establish these test conditions.)

D. Validation Tests in Continuous Rotation Test Rig - The
test conditions for the two validation tests are shown at the
end of Table 6.

TABLE 6. TEST CONDITIONS FOR SCREENING AND VALIDATION TESTS
IN CONTINUOUS ROTATION TEST RIG

BALL
ROTATIONAL RADIAL AXIAL BALL

SPEED LOAD LOAD ANGLE
TEST I~O. (cpm) 

- 
(psi) (lb) (deg )

49 50 4000 60 6

50 50 2000 0 6

51 50 4000 0 0

-
~~~ 52 50 2000 60 0

~~~ 53 75 4000 0 6

75 2000 60 6

55 75 4000 60 0

56 75 2000 0 0

p ~ uJ57 50 2000 60 6
-u-I -u-I 4)J

75 4000 0 0
E l i.
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E. Tests in Four—Bay Test Rig - Two MS14 1O1-8 bearings , S/N
363 and 364, were tested in the four-bay test rig. As ex-
plained in detail in the Theoretical Approach section of this
repor t under Corollar y Number 1, the bearings were alternated
from bay no. 1 to bay no. 2 and were tested at five different
load levels. The five levels of load were 240, 480, 600, 720,
and 960 pounds. The oscillation frequency was 300 cpm with a
+100 angle of oscillation. No contamination was used. Zero

~yclic radial pressure , zero static axial load , and zero phase
angle were used .

TEST PROCEDURE S

The procedures used were somewhat different for each test rig
as discussed be low .

A. Twelve-Bay Wear Test Rig - As described in the Test Param-
eters sec tion of this report, four grou ps of twelv e bearin gs
each were tested in the twelve-bay wear test rig. (This in-
cluded the thirty-six screening tests plus the twelve vali-
dation tests.) Before each group was tested the following was
done:

1. Each of the twelve test specimens was installed in
its respective test housing. (Figure 7 shows the
housing configuration.)

2. Each of the twelve test specimens was installed in a
radial wear measurin g fix ture for determination of
initial radial wear tare readings. The radial wear
measuring f ixture is a device in which load reversal
is applied to the ball -of the test bearing in a radial
direction and a dial indicator is used to measure
radial displacement to 0.000 1 inch .

3. Each of the twelve test specimens was installed in
an axial play measurin g fix ture for determin ation of
initial axial play readings. The axial play mea-
surin g fix ture is a device in which load reversal is
applied to the ball of the test bearing in the axial
direc tion and a dia l indicator is used to measure
axial displacement to 0.0001 inch.

4. The test specimens which were to be contaminated with
either Skydrol 500A hydraulic fluid or P-D-680, Type
I dry cleanin g solven t were immersed in their re-
spective flui d , the test specime ns were ins talle d in
their respective test bay , and no additional contain-
ination was added for the duration of the test.
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5. Each of the twelve test specimens was installed in
its respective bay in the test rig and initial radial
wear measurements were taken with a depth micrometer
using a constant tension load and also a constant
compression load. (The difference between the two
readings was the initial radial play in the re-
spective test specimen.) See the Data Reduction
section of this report for greater detail on th~
depth micrometer readings.

6. The specific testing conditions (including static
radial load , cyclic radial load , ball angular oscil-
lation , phase angle, and static axial load) were ad-
justed for each individual test specimen.

7. The test rig was started and an oscillograph record
was taken showing a time history of the radial loads
being applied to each of the twelve test specimens.
The test rig was stopped , the oscillo graph record was
analyzed , and any major discrepancies in the var ious
test conditions were corrected .

Once the test conditions had been validated , the testing was
begun and each of the twelve test specimens was tested for
350 hours or until failure, depending on which occurred f i r s t .
Wear measurem ents were taken on each of the twelve test spec-
imens after 6, 24, 50, 72, 100, 137, 175, 250, and 350 hours
of test time .

After each test specimen had either failed or had reached the
require d 350 hours of testing , it was remove d from the tes t
rig and radial wear and axial play readings were obtained in
the aforementioned wear measuring f ixtures.

B. Continuous Rotation Wear Test Rig - Before the start of
testing of any particular test specimen in this rig, the
fo llowin g were done :

1. Each bearing was installed in a steel test housing
similar to that shown in Figure 7.

2. Each bearing was installed in the radial wear
mea suring f ixture for determination of init ial
radial wear tare readings.

3. Each bearing was installed in the axial play
measuring f ixture for  determination of the initial
axial play .
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4. Each test specimen was installed in its respective
bay in the test rig .

5. The specific testing conditions were adjusted for the
particular bearing .

Each bearing was tested for 200 hours or until failure , de-
pending on which occurred first. At the approximate test
times of 30, 60, 90, 120 , 160, and 200 hours, the test bear-
ings were removed from the test rig for wear measurement in
the radial wear m easuring fixture . In addition , axial play
measurements were taken at the same measuring times for those
bearings which had the 60-pound static axial load .

C. Four-Bay Wear Test Rig - The test bearings were installed
in their respective housings and then installed in the test
rig . Initial radial wear tare readings were taken with the
radial test load applied. No axial play or radial play read-
ings were taken on the wear measuring fixtures. Wear readings
were taken without removal of the test bearings from the test
rig and at the test times shown in Table 17. -

DATA REDUCTION

A. Twelve-Bay Test Rig - Without removal of the test bearings
from the test rig, wear measurements were taken at 0, 6, 24,
50, 72, 100, 137, 175, 250, and 350 hours of test time. At
each measuring interval, the subject test bearing was placed
in 200 pounds compression and depth micrometer readings were
taken on a reference surface at the center of the bearing
housing and also on the bolt on each side of the ball. As
shown in Figure 8, the depth mj~rometer rested on the rig bear-ing pillow blocks which provided a good solid measuring ref-
erence surface. Depth micrometer readings DL and DR were taken
by inserting the stem of the depth micrometer through a machined
opening in each clamping bushing and making contact with the
through-bolt on each side of the bearing ball. Use of readings
DL and DR provided a means of eliminating bolt bending and rig
bearing wear from the bearing wear measurement . The readings
under compression load are identified as DLC, DRC, ~~iid DCC .
Subsequently, the subject test bearing was placed in 200 pounds
tension and depth micrometer readings of DLT, DRT, and DCT
were obtained . Thus, the data consisted of six readings for
each test bearing at each measuring interval.
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Figure 8. Depth micrometer measuring system
(twelve-bay test rig).
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B. Four-Bay Test Rig - Only readings DLT, DRT, and DCT were
taken. No readings wer~ taken with the bearing in com-pression. The equatioi , (WT)n = (DT)O (DT)n, which was
described for the twelve-bay test rig was used to obtain
test bearing wear.

TEST RESULTS

Sixty-one bearings were tested in this program , of which
fifty—nine were Rexnord bearings. The bearings performed
exceptionally well in spite of the frictional heating en-
countered in the first couple of hours of testing on the
twelve-bay test rig. The Rexnord bearings had minimal
clearance and could be classified as ~tightuu bearings. (See
Appendix F for a tabulation of initial radial and axial play
readings for 48 of the Rexnord bearings.) It is postulated
that the minimal clearance condition caused these bearings to
run hot enough to burn a finger and the bearings did not cool
down until additional clearance had been produced by the wear-
in process. (In contrast, the bearings tested in the con-
tinuous rotation test rig ran hot throughout their entire test
runs.) No deleterious effects were noted because of the
frictional heating encountered on the twelve-bay test rig .
This cannot be said for the continuous rotation test rig and
will be discussed in detail later.

Forty-nine bearings were tested in the twelve-bay test rig and
thirty-eight of them survived the planned 350-hour test run.
One additional bearing , DL—14 (l-2)a , had also survived the
planned test run but was classified as a failure because of
the high radial wear and axial pi-~iy readings exhibited aftertest completion . Thirteen of the forty—nine bearings were
tested with water. Not only did these bearings experience the
highest wear values, but also they had essentially failed by
the end of the 350-hour test run . Six of the thirteen water
contaminated bearings had a static axial load of 60 pounds
applied (DL.-27(2-ll)a had only 30 pounds), and these bearings
had high axial wear. In contrast , bearing DL-7(l-7A)a had no
static axial load , low axial wear, but high radial wear. It
is important to note that high wear caused by water contami-
nation is common to all Teflon bearings and therefore is not
peculiar to this particular type of bearing .

a Note: ~ ‘I~~~bearings will be designated by the following
format:
DL-XX(Y-Z) where

DL-XX = bearing serial number
Y = run number (4 runs performed)
Z = bay number in which the bearing was tested
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WEAR MEASUREMENTS (TWELVE-BAY TEST RIG)

Wear measurements were the main outcome obtained from the tests
in the twelve-bay test rig . Table 7 presents the measured
wear (corrected for rig bearing wear) for the portion of the
bearing liner which is loaded when the rod end shank is in corn-
pression . Table 8 presents the measured wear (corrected for
rig bearing wear) for the portion of the bearing liner which
is loaded when the rod end shank is in tension. It can be
noted that negative wear values show up in both tables. This
is the direct result of wear debris being redeposited into a
region of the bearing wherein there is either no load or a
reduced level of load. The effect is most pronounced in a
bearing which is loaded in steady compression (or tension).
The negative wear will appear on the unloaded side of the bear-
ing. Because of this phenomenon , radial play and total bearing
wear are not always equal. Radial play for any particular
bearing is the summation of the wear value listed in Table 7
and the corresponding wear value in Table 8. Take , for example ,
test bearing 4-1 which was tested at 2000 psi tension with zero
cyclic radial pressure. At 100 hours the bearing had experi-
enced .00035 inch of wear on the loaded side (tension), but
had also undergone .00020 inch of negative wear due to re-
deposition of wear debris to the unloaded side (compression).
The radial play at 100 hours was .00015 inch , but the total
wear was .00035 inch. (Please see note c on Table 9.)

Total bearing wear may be a difficult concept to grasp. For
bearings loaded primarily in one direction wherein the load
may reduce to zero but does not reverse direction , total bear-
ing wear equals the wear measured on the loaded side. For
bearings with reversing loads, total bearing wear is the
summation of the wear measured in both directions (for in-
stance, test bearing 2-11 which had zero static radial pressure
and 1500 psi cyclic radial pressure). At 100 hours the wear
on the compression side was .00120 inch and the wear on the
tension side was .00070 inch. Therefore , total bearing wear
is the summation of those two values, or .00190 inch. Radial
play also is .00190 inch for this particular bearing. Table
9 presents the total bearing wear for all 49 test bearings.

PLOTS OF WEAR VERSUS TIME (TWELVE-BAY TEST RIG)

Figures 9 through 21 are plots of liner wear versus time for
the thirteen bearings tested with water contamination , plus
bearing DL—40(3-5) tested with sand and dust. Each plot
presents the wear on the compression side, the wear on the
tension side, and total bearing wear. The plots for the re-
maining 35 bearings were not presented because of the low
values of wear encountered.
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Figure 9. Liner wear vs test time - tes t bearin gs
DL—27 (2—11) and DL—40 (3—5).
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REPLICATION ON SCREENING TEST NUMBER 3 (TWELVE-BAY TEST RIG)

Test bearing DL—7 (1—7A) failed after only one—half of the
planned 350-hour test run had been completed . In order to
gain information on repeatability , test bearing DL-15 (1-7B)
was installed and tested at the same conditions as DL-7 (l-7A).
Figure 21 presents a plot of liner wear versus time for DL-15
(1-7B) . Figure 12 is the corresponding plot for DL—7 (l-7A)
Table 10 presents a comparison of these two bearings. Note
that the coefficient of variation is high in the low wear re-
giute of 6 to 50 hours, but reduces to approximately 7 to 17%
in the high wear regime . These values of coefficient of var-
iation indicate the variability in wear measurement caused by
inherent differences in test bearings, the ability to test the
differences, the ability to measure the differences, the ability
to duplicate the test conditions, the repeatability of the water
contamination-ball corrosion phenomenon , etc.

Also shown in Table 10 are coefficients of variation obtained
from the 48 test bearings tested in the twelve-bay rig. On the
average these values of coefficient of variation exceed the
values obtained from DL—7 and DL-15 by 105%. Thus, it can be
concluded that the test conditions used for the 48 test bear-
ings have produced significant differences in wear.

WEAR SLOPES AND BREAK-IN WEAR

The following presentation is introduced for two reasons :

1. To illustrate that the trend of the average wear
data increases and is linear with time .

2. To introduce the concept of break—in wear.

The total wear for each of the 48 bearings was summed and the
total divided by 48 to obtain the mean ( average) of total
bearing wear for each of the measuring times as shown in Table
11. This was also done for the 36 bearings with no water con-
tamination and the 12 bearings with water contamination . A
least-squares fit of the data in each case shows correlation
coefficients of 0.997 to 0.973 indicating extremely good
linearity with time. These three plots are presented in Figure
22. Note that the three straight lines intersect at approx-
imately 25 hours of test time regardless of the lack of or
existence of water contamination . The 25—hour time may well
be the average time required for water to invade the interior
of the test bearings, start the ball corrosion mechanism , and
generate sufficient abrasive corrosion product for a dominant
wear process.
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Because it was found that the average of the total bearing wear
is linear with time and the existence of the break-in wear at
25 hours can be thought of as an intercept , it was decided to
obtain an equation for the slope of the wear curves. (Note
the analogy between this concept and the equation for a straight
line which includes an intercept and a slope.) Therefore ,
preliminary plots were made for all 48 test bearings. These
plots were used to determine data points which were obviously
inconsistent with the majority of the data. Data points ob-
tained after the bearing failed were definitely in this
category. A least-squares analysis was done for each of the
48 bearings to obtain the slopes of the wear curves. Table
12 presents the slopes so obtained with the intercepts and
correlation coefficients added as additional information. It
can be noted from Figure 23 , which is a plot of slope versus
correlation coefficient , that the bearings with correlation
coefficients less than 0.90 are virtually zero wear situations.

WEAR TEST RESULTS (CONTINUOUS ROTATION TEST RIG)

Ten bearings were tested in the continuous rotation test rig.
Table 13 lists the wear values (both radial and axial) ob-
tained . Figures 24 , 25 , and 26 are plots of radial wear versus
test time and Figure 27 is a plot of axial wear - versus test
time .

SELECTION OF TEST CONDITIONS FOR VALIDATION TESTS

After the first eight bearings were tested in the screening
tests, an analysis of variance was performed on the slopes of
the plots from the wear data. Table 14 tabulates the slope
values and also presents the analysis of variance. As can be
seen in the primary ANOVA table of Table 14, one of the first-
order interactions has a high mean square . The presence of
this high mean square value causes all four main effects to be
nonsignificant at the .05 level of significance. The testing
of eight additional bearings would normally be performed , thus
revising the half-replicate Latin square design into a full
replicate. However , not having the luxury of time or money ,
an unorthodox ut poo!ing lu of the variables was done as shown in
Table 14. Thereupon , three sources of variation appeared to be
significant at the .05 level of significance. Two of these
were the main effects of static radial pressure and static
axial load , each of which was confounded with the second—order
interactions of static axial load X surface velocity X ball
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TABLE 13. WEAR TEST RESULTS (CONTINUOUS ROTATION TEST RIG)

RAD IAL WEAR IN INCHES x 100 ,000

( # 5 0 )  (#51) ( # 5 3 )  (# 5 6 )
HOURS DL-2 DL-4 DL-30 DL-3l

30 64 119 104 124
60 74 249 219 194
90 104 504 459 324

120 89 846 454 359
160 89 1159 479 359
200 144 1364 604 444

AXIAL PLAY AND RADIAL WEAR IN INCHES x 100,000

(#5 5)  ( # 5 4 )  ( # 4 9 )  ( # 5 2 )
DL-56 DL-57 DL-58 DL-59

HOURS AX. HAD . AX. RAD . AX. HAD . AX. PAD.

29 80 29 25 39
30 70 49 140 139
58 90 114 195 204
70 —— 549 125 59
72 200 269 275 229
96 410 479 560 549 375 944 125 64

122 580 1129 140 79

AXIAL PLAY AND RADIAL WEAR IN INCHES x 100,000

(#57 )  (# 58)
DL— 60 DL-6l

HOURS AX. PAD. AX. PAD.
30 280 239
34 85 34
60 85 54 350 589
90 420 844

Note: Numbers in parentheses above the bearing designation
are the respective test numbers in Tables 2, 6, and 15.
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TABLE 14. ANALYSIS OF VARIANCE FOR CONTINUOUS ROTATION
SCREENING TESTS

SLOPES OF WEAR DATA (IN/HR x 100 , 000 )
S.R.P. i~A.L. R=50 ~pm 8.18fp~~ R=75 rpm (12.27 fpm)
s(psi) p (ab-)~ A=6° A 0 °  A~v-6° A 0 °

DL—58 DL-56
60

______ 
12.21830 

________ ________ 
6.61086

—4000 DL—4 DL—30
0

_______ ______ __________ 
7.30109 2.72000 

___________

DL—59 DL-57
60

______ __________ 
0.41233 5.86177 

___________—2000 DL—2 DL—31
0

_______ —— 0.43136 
________ ________ 

1.77000

S.R.P. means static radial pressure , S . A . L .  means
static axial load, R means rotational speed, A means
ball angle.

ANOVA TABLE

SOURCE OF SUM OF MEAN
VARIATION SQUARES D.F. SQUARES F Fcv COMMENT

S & PEA 51.89151 1 51.89151 3 .89 10.1 -NSD
P & SEA ~ 20.73941 1 o~ 20.73941 1.55 10.1 NSD
R & SPA ~ 1.44538 1 ~ 1.44538 0.11 10.1 NSD
A & SPR ~ 3.29879 1 ~ 3 .29879 0 .25  10.1 NSD
SP & RA 0r2 .8o2 91 (1
SR & PA c~36.02566 

mu
SA & PR ‘0( 1.18922 (.1 v L 1.18922

Total 117.39287 T F = mean squares 13.33926
F. = 10.1 = Fcv

05 (1 3) -
ANOVA TABLE (AFTER POOLING)

SOURCE OF SUM OF MEAN
VARIATION SQUARES D.F. SQUARES F Fcv COMMENT

S & PEA 51.89151 1 51.89151 28.6 10.1 SIG
P & SEA 2.0.73941 1 20.73941 11.4 10.1 SIG
A & SPR 3.29879 1 3.29879 1.82 10.1 NSD
SR & PA 36. 02566 1 36.02566 19.9 10.1 SIG
Residual 5.43751 3 1.81250

Total 117.39287 T
SIG Means there is a Significant Difference
NSD Means No Significant difference
P Means “Pooled”
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out-of-plane angle and static radial pressure X surface ve-
locity X ball out-of-plane angle, respectively . The third
source of variation was the first—order interaction of static
radial pressure X surface velocity which is confounded with
the first-order interaction of static axial load X ball out-
o f — p l a n e  angle. Operating under the reasonably safe assumption
tha t the two aforementioned main e f f e c t s  were s ignif icant as
opposed to the second—order interactions with which they were
confounded , the two validation test conditions were chosen to
unconfound the two aforementioned first order interactions.
Thus , test number 57 had the lowest static radial pressure x
fpm but the highest static axial load x angle. Also , test
number 58 was chosen to have the highest static radial pressure
x f pm and the lowest static axial load x angle. Table 15 lists
the test conditions for the validation tests.

TABLE 15. TEST CONDITIONS FOR CONTINUOUS ROTATION
VALIDATION TESTS

BALL STATIC STATIC BALL
TEST ROTATIONAL RADIAL AXIAL BALL SURFACE
NO. SPEED PRESSURE LOAD ANGLE VELOCITY PV

____ 
( rpm ) (ps i )  ( lb)  (deg) (f pm) (psi—fpm)

57 50 2000C 60 6 8.18 16,362

58 75 4000C 0 0 12.27 49,086

STEPWISE MULTIPLE REGRESSION (CONTINUOUS ROTATION TEST RIG)

The fact that test number 57 caused low wear and test number
58 caused high wear pinpoints the static radial pressure x fpm
interaction as being the significant interaction of the two
previously mentioned confounded first-- -irder interactions.

A stepwise multiple regression was performed with the data
from the 8 screening tests and 2 validation tests. The re-
suits are presented in Table 16. These results are used in
the Equation Development section of this report.
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TABLE 16. RESULTS OF STEPWISE MULTIPLE REGRESSION
(CONTINUOUS ROTATION TEST RIG)

Step 4

Variable Entered 4 Dependent Variable 5

Sum of Squares Reduced in this Step 0.043
Proportion Reduced in this Step 0.352

Cumulative Sum of Squares Reduced 0.097 of 0.122
Cumulative Proportion Reduced 0.798

For 4 Variables Entered
Multiple Correlation Coefficient... 0.893

(Adjusted for D.F.) 0.835
F-Value for Analysis of Variance... 4.927
Standard Error of Estimate 0.070

(Adjusted for D.F.) 0.086

VARIABLE REGRESSION STD. ERROR OF COMPUTED
NUMBER COEFFICIENT REG. COEFF . T-VALUE

1 0.42776 0.11570 3.697
2 0.00120 0.00077 1.564
3 —0.03534 0.01109 —3.187
4 0.10359 0.03512 2.950

Intercept —1 .13999

Where: 1 = Static radial pressure -
~
- 1000, psi -

2 = Static axial load , lb
3 = Static radial pressure (surface velocity) ~

- 1000,
psi - f pm

4 = Surface velocity, fpm

5 = Wear factor , in/hr x 108
PS ~ 

- f pm

Thus , Var. 5 = 0.42776(Var. 1)+0.00120(Var. 2)—0.03534 (Var. 3)
+Q.l0359(Var. 4)—l.13999 ±0.140

To obtain k1 (Wear factor in in 3/lb-ft) , divide the above
equation by 60 which is the conversion factor from minutes
to hours. The resultant equation appears on page 108 of this
report.
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WEAR TEST RESULTS (FOUR-BAY TEST RIG)

Two bearings were tested in the four—bay test rig. The re-
sults for bearings S/N 363 and 364 are presented in Table 17
and Figure 28. Table 17 lists the dates , test hours , load
levels, and wear readings for these two bearings. The first
13 hours at 600—pound load was considered the break—in wear
period for these bearings. Figure 28 is a plot of liner wear
corrected for break—in wear versus test time for the two bear-
ings -
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EQUATION DEVELOPMENT

~~ [A1 ION DE VEL OPMENT (EMPIRICAL APPROACH )

Of the three analytical techniques for equation development
L uti l ized in this  report , the most emphasis was placed on this

technique . The computer program REGRESS , described in Appendix
B, was used almost exclusively to develop the equations. Ini-
tial computer runs were made with only 36 observations to be-
come fa miliar wi th  the program, but as more test data became
available it was commonplace to see computer runs with 284 or
even 347 observations. For example , a computer run with 284
observations (almost all the wear measurements from the 36
screening tests on the twelve—bay test rig) was used to deter-
mine a preliminary equation for the total bearing wear . This
equation , LUBE 12F-2-20 , was used to predict the total wear
for all levels of the primary variables for 350 hours of test
time . As discussed in this report under the heading Selection
of Test Conditions for Validation Tests , and also in Appendix
C , this amounted to approximately 10,000 predictions, or wear
calculations. From these 1Q ,000 predicted values , twelve
validation tests were chosen. Seven of these tests represented
conditions producing low predicted values of wear and the other
five represented high predicted values of wear.

Table 18 presents a comparison of the actual wear values versus
the predicted values for  the twelve validation tests. The
column entitled Residual/Sy was used to determine tha t eight
of the twelve bearings had a predicted value which d i f f e r ed
from the actual value by less than three times the standard
error of the estimate. Table 18 also shows that equation
LUBE 12F-2-20 correctly predicted the five bearings which would
have high wear and the seven bearings which would have low wear .

However , equation LUBE l2F-2—20 with its twenty regression
coefficients is obviously unwieldy and cumbersome to use. As
wiil be noted from the large values of Residual/Sy in Table 18,
there was need for improvement of the accuracy of the equation.
The validation test data is real data and can be combined with
the original data to derive a better predictive equation . The
balance of the test conditions is usually sufficiently well
preserved because the confirming tests constitute a small
portion of the total. The result of combining the two sets of
data is an improved equation and this equation could be con-
firmed by additional validation tests.

However , since all  test ing had been completed , a solution to
this problem was evolved from the realization that all twelve
of the validation tests were not needed for equation confirma-
tion . In the consultant ’s previous experience , the number of
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validation tests to be performed consisted of approximately
ten percent of the number of tests used in equation develop-
ment. Thus, for our case of 36 tests used for equation
development, only four additional tests would normally be

L. required for validation purposes. However, twelve tests were
performed because twelve test bays were available.

In this contract a second predictive equation was obtained by
combining data from eight of the validation tests with the
data from the original 36 tests. The remaining four valida-
tion tests satisfied the 10 percent requirement for confirma-
tion of the second equation.

By trial and error it was determined that the use of the test
data from test specimens 39, 40 , 45, and 47 for the final
confirming tests not only provides a good balance for the con-
firming tests but also provides good balance for the remaining
44 test specimens. Table 19 presents a summary of the test
balance for the original 36 screening tests, the 8 validation
tests combined with the 36 screening tests, and the remainin g
4 confirming tests. Table 19 also shows that the final con-
firming tests consisted of two bearings with low predicted
wear and two bearings with high predicted wear.

Using the test data from Table 9 for the 44 test specimens, a
computer run with 338 observations provided a new predictive
equation for total liner wear , LUBE 23H—1—7. Nine terminal
wear values were not included in the regression analysis be-
cause nonlinear wear had occurred , indicating catastrophic
wear had been encountered. See Figures 10, 11, 12, 14, 15,
16, 17, and 20. As shown in Figure 29, this equation had only
seven regression coefficients in its most general form because
the next most important term would have explained only 0.2% of
the wear variation. It would complicate the wear equation
with no substantial increase in accuracy. (See Appendix G for
a list of the 72 variables utilized in the regression and from
which the seven most significant variables were selected.)

The equation was further reduced to only four regression coeff i-
cients by making two equations out of the one basic equation
(one equation to be used for bearings with water contamination
and the other equation for bearings with no water contamina-
tion). The reduction in the number of regression coefficients
resulted from substituting a 2 for variable X5 for the water
contamination case and a 1 for X5 if water was not present.
Thus , the regression coefficient associated with variable X5
disappears and results in a change to the intercept, 315.33.
Similarly, the regression coefficients for the water-time and
water—cyclic radial pressure interactions disappear and result
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TABLE 19. SUMMARY OF TEST BALANCE

NUMBER OF SPECIMENS
CODE VARIABLE LEVEL 36 TESTS 44 TESTS 4 TESTS

A Static Radial Pressure 2000C 9 11 1
(psi) 1000C 9 10 0

0 9 11 1
1000T 0 1 0
2000T 9 11 2

B Speed of Ball 300 12 14 2
Oscillation (cpm) 600 12 16 0

900 12 14 2

C Ball Oscillating Angle 5 12 14 3
(deg) 10 12 16 0

15 12 14 1

D Cyclic Radial Pressure 0 9 10 1
(psi) 1000 9 11 0

1500 9 11 0
2000 9 12 3

E Phase Angle Between 0 12 17 3
C&D (deg) 45 12 14 0

90 12 13 1
F Static Axial Load (lb) 0 12 16 2

30 12 14 0
60 12 14 2

G Contaminants None 8 9 0
S&D 7 8 0
680 7 8 1
SOOA 7 9 1

Water 7 10 2

- Predicted Wear Low -- -- 2
High -- -- 2
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TOTAL LINER WEAR

W — 315.33 +4.67353(X5)(X11) —4.48547(X11) —295.36(X5) +108.38(X28) x io 6

+9.9933(x6)
2 

x io 6 +0.l7812(X5)(X9) —0.18567(X9) ± 220.9

LINE R WEAR ON COMPRESSION S TJ)E

272.32 + 3 . 6 9 2 4 ( X 5) (X 11) ‘ — 3.53 10(X 1], ) — 0 . 0 6 2 3 0 ( X 5
) (X 6 ) —2 65.87(X 5

)

+0.08888(x6
) — 0.0056421 (X 5) (X 6 ) (X 8

) ± 186.8

LINER WEAR ON TENSION SIDE

WT 
127.20 +3.8139(X5).(X11) +O.33333(x5)(X6) —128.98(X5)—0.30576(X6)

—3.7014(X11) +5.2783(X13) —5.2817(X5) (X13) ±184.0

RADIAL PLAY

R.P. +208.58 +3.8955(X5) (X11) —3.8045(X11) —184.47(X5~ —16.673(X5Y (X10)

+16.254(X10) —0.87493(X8) (X10) —0.19939(X9) +0.19987(X5) (X9)

+914.78(X5)(X8)(X10) x 10~~ ± 167.6

DEFINITION OF VARIABLES

— water (use — 2 if water is present; otherwise, X5 1)
— static radial pressure, psi (+ = tension in rod end shank)

Xe — angle of ball oscillation, deg (where one cycle 4(X8))

X9 = cyclic radial pressure, psi (total radial pressure — x6 ± X9)
static axial load, lb

X11 — time, hr
— phase angle between cyclic radial pressure and ball oscillation

• angle, deg
— cyclic radial pressure x 1, 0.707, or 0.5 for X13 

0,, 45 , or 90’
respectively

— cyclic work, psi-fpm; X27 — (X~5) CV) (use sane sign as X6)

X28 — absolute value of PV, psi-fpin

Figure 29. Gs~..aral form of wear equations.
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in changes to the coefficients for the time and cyclic radial
pressure variables, respectively.

Table 20 presents a comparison of the actual and predicted
wear values for the twelve bearings tested in run number 4.
The Residual/Sy column shows that two out of the four confirm-
ing tests have values greater than ±~ 

Sy. These are the two
bearings which were contaminated with water. Values of ±~standard errors of the estimate are conventionally used con-
fidence limits for verifying the ability of regression equa-
tions to predict actual outcomes. In a Gaussian distribution,
99.7% of all the values will fall within these limits. When
actual results come outside of these limits, it indicates a
most unusual occurrence or that the equation does not predict
well. Therefore, it is concluded that equation LUBE 23H-l-7
may not predict wear life within ±~ 

times the standard error
of the estimate for the very short lives that result when
water is present.

Equations for wear on the compression side of the bearing ,
wear on the tension side, and radial play were also developed
by use of the stepwise multiple regression process. Appendix
G lists the 72 independent variables utilized in computer
program REGRESS and Appendix H describes the equation develop-
ment. Each of the predictive equations is shown in Figure
29 and was resolved into two equations (one equation for
water contamination and the other for no water contamination)
in a similar manner as done for the equations for total liner
wear. Table 21 presents a summary of the correlation coeffi-
cients, the coefficients of variation, and the standard errors
of the estimate for the four general equations.
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EQUATION DEVELOPMENT (DETERMINISTIC APPROACH)

Initial attempts at modification of existing equations to fit
the twelve-bay test rig data centered on the equation given in
nomograph form by Rexnord, Inc., Downers Grove, Illinois. See
Appendix D for an explanation of the unsuccessful attempts
with the Rexnord equation.

Better results were obtained from an equation which has been
reported in many Teflon bearing articles and catalogs. One
useful form of the equation equates the ratio of wear rate and
PV to the wear factor , k, as follows :

W.R.
k =  where

W.R. = wear rate, in/mm
P = pressure , psi
V = velocity , fpm
k = wear factor, in3/lb-ft (values for k are listed

in bearing manuf acturer ’s catalogs and are
normally for low-speed , fixed-wing applications.)

In our work with the above equation we have used the following
parameters:

= S.R.P. j + cIC .R.P .I
S.R.P. = static radial pressure , psi
C.R.P. = cyclic radial pressure , psi

c = 1, 0.707, or 0.5 if X13 = 00 , 45° , or 90° ,
respectively

X13 = phase angle between cyclic radial pressure andball oscillation angle, deg

V = _____ (B.D.) (x7 ) (X 8)

S.D. = ball diameter , in
X7 

= speed of ball oscillation , cpm
X8 

= angle of ball oscillation , deg, where one
cycle 4 (X~)

W.R. = slope of wear curves presented in Table 12
(page 82) divided by 60

T = time , hr

Using the W.R./PV equation, we obtained 48 values of wear
factor for the 48 bearings tested in the twelve-bay test rig.
The average wear factor for the 36 bearings tested without
water calculated to be 0.172 x 10-11 in3/lb-ft with a standard
deviation of 0.244 x 10-11 in 3/lb-ft. The average wear factor
for the 12 bearings tested with water calculated to be
7.239 x ]~0 ll in3/lb-ft with a standard deviation of 6.999 x
10 l1 ins/lb—ft. These standard deviations represent con-
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siderable variability in the wear factor. Bearing manufac-turers normally list one constant value for wear factor with-out indicating the variability which the user can expect.
In order to approximate the variation in wear factor , twostepwjse multiple regres$j~~ runs were done Using the 36non-water wear factor values for the first run and the 12water wear factors for the second run. Thus, two equationsfor wear factor were obtained.
Without water

k = [377.36 -O .19676(C.Rp) +0.49785(q~)] x

±411.4 x l0~~~
With water

k = [18.11 7 0.O0721(C.R.p ) — O • O 3 3 3 3 ( q ~)

~O.O0077(S.RP)] x ~~~~~ ±9.968 x lO~~~
The statistics of the two regression analyses are listedbelow:

36 bearings Without 12 bearings withwater contamination water contamination
r = 0.573 r2 = 0.328 r = 0.795 r2 = 0.632

Sy = 205.7x1O~~
-4 

~~~~ = 0.845 = 4.984xl0~~~ Sy/~ = 0.712C.~, = 119.6% C
~ 

= 68.8%

Thus , the equation , Wear = 60k PVT , can be used to approximatethe wear life of the bearings used in this program by simplycalculating the particular wear factor for water or no water.Based on the values of r2 listed above, the equations for kexplain only 32.8% and 63.2% of the variation in wear factorobtained for the bearings tested Without water and with water,respectively.
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EQUATION DEVELOPMENT (THEORETICAL APPROACH, COROLLARY NUMBER 1)

As explained in the Techniques for Equation Development section
of this report , two test bearings were tested 638.5 hours for
proof of corollary number 1. The results are presented in the
Test Results section of this report and were used to calculate
wear rates. A three—way analysis of variance was performed
utilizing 40 wear rates, 20 for each bearing, with two rep-
lications. The results showed that, at the .05 level of
significance, the wear rate was af fected by the load levels
and the particular test bay being used. Table 22 presents the
ANOVA tables. There was no significant difference in wear
rate caused by the replication performed after the first 284
hours of testing. Most importantly , the analysis of variance
showed that there was no significant difference between the
two test bearings.

This testing was encouraging and helps to lend credence to the
corollary that the wear of a bearing is not af fected by the
duty cycle within the limits tested. More testing with vary-
ing speeds and angles would be required to add further proof.

EQUATION DEVELOPMENT (THEORETICAL APPROACH, COROLLARY NUMBER 2)

The development of an equation based on the incremental wear
theory was started by defining a general sinusoidal relation-
ship for velocity and pressure as shown in Figure 30. The
velocity and pressure sinusoids were purposely shown offset
by the phase angle ~ to keep the analysis general. The method
now consisted of subdividing one cycle of the velocity sinusoid
into n partitions. A similar number of partitions were used
for the pressure sinusoid. Thus, for position € Ij  in the
velocity cycle, we calculated the [PV]1 value to be as shown
in Figure 30. For the partition doi at position Oj, we can
calculate the increment of wear , wear do - ’ by using equation ,
wear = 60k (PV)t. Thus, wear d0j = 60kj.tPV1~ tdoi where the
wear f actor, ki, was obtained from the continuous rotation
test rig results and 

~~~~ 
was the time calculated in hours for

the partition doi. The total wear for one cycle will equal
the summation of the complete cycle. Thus, total wear =
E’~~(wear dOj)

Then, wear for t hours can be calculated by multiplying the
total wear for one cycle by 60(t) (CPM) where CPM is the speed
of the ball oscillation and 60 is the conversion factor from
minutes to hours.
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0° 90 ° 180° 270 ° 360°

Vm~~x~~~~~~~~~~~~ ~~~~~~~~~~~ 

_ _ _ _ _ _ _  _ _ _ _ _ _ _  — 

Velocity (fpm)

_ __ _  /
~~~~C.R P.

I I ~~~~~~~ 
S.R.P. 

Pressure (psi)

— - 

~~~~~~~~~ 
= 360°/n

At position 0 j ,  we have V~ = VM~~
sinO., tdOi = 

60n(CPM)
= S.R.P. + C . R.P .  sin (0. + ~

)
(PV]. = P.  ( V . ) = ( S . R .P . ) V j~~~ sin O .  + (C.R.P.)V

~~~~
(sin

~~
.)sin(O.+ c

~
)

where V1 and P. are the instantaneous values of velocity and

pressure at

V
~4•~,C = ii(B.D.) ~~?M) = ir(B.D.)0(CPM), fpm

360 12 1080
B .D.  = ball diameter , in

o = angle of ball oscillation, deg (one cycle = 40)
CPM = speed of ball oscillation, cpm
0~. = instantaneous angular position of ball oscillationmotion cam, deg

S.R.P. = static radial pressure, psi
C.R.P. = cyclic radial pressure , psi

= phase angle, deg
dei = size of subdivision of one cycle , deg

n = number of partitions of one cycle
tA 0 time equivalent to d0~~, hr

~1~~~

Figure 30. Basic equations for theoretical approach to
equation development.
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As shown in Table 16, an equation for wear factor , k1,. was
obtained from the continuous rotation test rig results by
performing a stepwise multiple regression with the dependent
variable being slope divided by PV. The resulting equation
for wear factor follows :

k. = (0.007l3(I.R.P.). +0.00002(5.A.L.). —0.00059(I.R.P.)1!VjI1 1000 1 1 1000

+0.OOl73lV iI —0.0l900]xl0 8 ±0.0023xl0 8

where
k
~ 

= wear factor , in3/lb-ft

(I.R.P.)
~ 

= IS.R.P.+ (C.R.P.)~~I

S . R . P .  = static radial pressure, psi
(C.R.PI)~~ = instantaneous cyclic radial pressure , psi
(S.A.L.)

~ 
= instantaneous static axial load, lb

V~~ = absolute value of instantaneous surf ace velocity,
f pm

A computer program, THEOR1, was written to perform these cal-
culations. The program allowed the engineer to subdivide the
velocity cycle into 576 increments, thus approaching an exact
solution which would have been obtained if integral calculus
had been used .

The calculated wear values obtained thróugfi use of this pro-
gram are exceptionally high. The reason for the high values
was traced to the high values of wear obtained in the contin-
uous rotation test rig. Even though the test conditions had
been chosen to provide static radial pressure and PV values
consistent with the values used on the twelve—bay test rig ,
the test bearings in the continuous rotation test rig ran hot
continuously whereas those in the twelve-bay test rig ran hot
for only the first few hours. The wear debris exuding from
the test bearings on the continuous rotation test rig was
black , sticky, and in no way resembled the wear debris seen in
the twelve-bay test rig. Obviously , too much energy was being
introduced into the bearings in the continuous rotation test
rig and consequently caused excessive and unrealistic wear.
Thus, there is inconclusive proof of corollary No. 2.
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WEAR LIFE EQUATIONS

INTRODUCTION

This section of the report presents the equations which can be
used by the control designer to approximate the wear and radial
play to be expected in control bearings. The equations can be
used to predict wear and radial play from the end of the break-
in wear regime to almost the end of the linear wear regime.
The three separate and distinct wear regimes encountered in
the population of the 12 bearings tested with water contami-
nation are consistent with our previous experience with similar
Thflon bearings. We chose to name these regimes the break-in
wear regime, the linear wear regime, and the catastrophic wear
regime. The high wear rates of the catastrophic wear regime
occurred in almost all cases well above our selected safe limi t
of 0.012 inch liner thickness. The catastrophic wear regime
was not encountered in the population of 36 bearings tested
without water contamination since a maximum of only 0.002 to
0.003 inch liner wear was obtained in 350 hours of testing .

The equations presented in this section are linear because the
population of 48 bearings demonstrated linear behavior. Al-
though we do not claim an exhaustive search for non1linearity,
it is important to note that we tried the following nonlinear
functions: The natural logarithm of time, the natural loga-
rithm of wear, the natural logarithm of radial play, the square
of static radial pressure, and the cube of static radial
pressure. No better fit to the test data was found .

The wear life equations are a compromise between easily
manageable equations and highly accurate equations. TI~~re is
a point of diminishing returns where the addition of extra
variables to improve accuracy ccnflicts with the need for ease
of calculation.

The designer will be required to determine the conditions that
his proposed or already existent vehicle will impose on the
control bearings. Once these conditions are identified , he
can obtain predictions of wear and radial play by use of the
equations presented.

EQUATION LIMITATIONS

The wear life equations given herein have been derived by
statistical process from the test data generated in this con-
tract. These equations are valid for Type I spherical flight
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control bearings fabricated in general conformance with
MIL-B-81819, Draft #5 and MS141O1-6 Bearing Standards by
Rexnc rd, with the Rexion -2 liner system, and operating within
the lii~’its of the conditions tested. These equations may not
be valid for other sizes, manufacturers , or operating condi—
tions.

However , as discussed in Appendix E, other test data indicate
bearing size has no significant effect between the -6 and -16
sizes. Thus, the wear life equations should be valid for all
sizes betwe~n -6 and -16. Also, the best three out of eight
manufacturers had no significant difference in wear life,
indicating that equations found valid for one of the manu-
facturers would be valid for the other two. It is conjectured
that bearings with liner systems proven equivalent to the
Rexlon -2 liner system could be selected via the wear life
equations with the same level of confidence.

The equations for bearings with water contamination must be
used with caution because the predictions for the two confirm—
ing tests did not fall within ±3 standard errors of the
estimate. The equations for bearings without water contamina-
tion are based on testing of 350 hours and liner wear of 0.003
inches or less. The equations for bearings without water
contamination result in considerable extrapolation for very
long wear life predictions, which may cause concern. However,
these equations are believed to be the best information
available. They constitute a guide, to be used with care and
improved with use.

The equations can be used to calculate wear for two conditions,
with water and without water. The question of multiple con-
taminants arises, such as water plus sand and dust. Multiple
contaminants were not tested in this program. However, it can
be observed that the corrosion products resulting from water
are abrasive and at least as destructive as sand and dust.
Therefore, the addition of sand and dust to water contamination
probably will result in a wear life equivalent to the water-
contaminated wear life prediction. It is suggested that the
wear—life predicted with water present can be used for the
case where water and sand and dust are present.
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LINER WEAR LIMIT

After the total wear equation has been used to determine the
predicted wear for a particular set of conditions , the de-
signer must use the equations for wear on the compression side
and wear on the tension side to determine whether more than
0.012 inch of liner wear will occur on either side. It is
recommended that liner wear of more than 0.012 inch on each
side be avoided with the Rexlon -2 liner system because 0.012
inch liner wear was observed in the testing to be a safe limit.

It will be important for the designer to consider whether his
application is sensitive to radial play or to wear or both.
In many cases the designer will f ind that the proposed bearing
will be unacceptable for further use because of intolerable
radial play even though much of the bearing liner remains to be
worn. Also, one bearing could conceivably run twice as long as
another even though they both experience identical total liner
wear because the total liner wear could be divided equally
between the tension and compression side of the first bearing
and the total liner wear could be concentrated all on the
tension side (or compression side) of the second bearing.

TOTAL LINER WEAR EQUATIONS

Total liner wear can be calculated with Equation A for bearings
not contaminated with water and Equation B for bearings with
water.

EQUATION A (Bearings without water contamination)

TOTAL LINER WEAR

W = +19.97 +9.9933(X6)
2 x 10 6 —0.00755(X9) +0.18806(X11)

+108.38(X28) x io
6 ±220.9

EQUATION B (Bearings with water contamination)

TOTAL LINER WEAR

W = —275.4 +9 .9933 (X
6
)
2 

x io 6 +0.17057(X9) i-4.86159(X11)

+108.38(X 28 ) x io
6 ±220.9
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ADDITIONAL WEAR EQUATIONS AND RADIAL PLAY EQUATION S

Once the total liner wear has been calculated, either equations
C for bearings with no water contamination or equations D for
bearings with water should be used to check for wear on the
compression (tension) side and also radial play, if required.
Warning: Do not calculate Wc for a bearing with only tension
loads. Do not calculate WT for a bearing with only compression
loads. Also, the radial play (R.P.) equation includes negative
wear , i.e., redeposited wear debris , which affects radial play.
R.P. will be less than W for a bearing with only a tension or
a compression load.

EQUATIONS C (Bearings without water contamination)

Wc = 6.4 +0.02658(X6) —0.0056421(X6) (X8) +0.1614(X11)
±186.8

WT = —1.8 +0.02757(X6) +0.11250(X11) —0.00340(X13
) ±184.0

R.P. = +24.1 —0 .4190(X10) +0.03985(X8) (X10) +0.00048(X9)

+0.0910(X11) ±167.6

EQUATIONS D (Bearings with water contamination)

Wc = —259.4 —0.03572 (X6) —0.011284(X6) (X8) +3.8538(X11)

±186.8

WT 
= —130.8 +0 36090(X6) +3.9264(X11) —5.2851(X13) ±184.0

R.P. = —160.4 —17.092(X10) +0.95463(X8) (X10) +0.20035(X9
)

+3.9865(X11) ±167.6

DEFINITION OF VARIABLES

X6 = static radial pressure, psi (+ = tension in rod end
shank)

X7 = speed of ball oscillation, cpm
x8 = angle of ball oscillation, deg, where one cycle = 4(X8)

cyclic radial pressure, psi (total radial pressure
= X6 ± X9)

X10 static axial load, lb
X11 time, hr
X13 = phase angle between cyclic radial pressure and balloscillation angle, deg
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X25 
= cyclic radial pressure x 1, 0.707, or 0.5 for X = 0°,

45°, or 90°, respectively 13
X27 

= cyclic work, psi—fpm; X27 = (X25) (V) (use same sign asX6)

X28 
= absolute value of PV, psi-fpm

W = total liner wear , in x 100 ,000
W~ = liner wear on compression side, in x 100,000

(+ means wear, — means buildup or wear debris)
WT = liner wear on tension side, in x 100,000

(+ means wear , — means buildup of wear debris)
R.P.= radial play, in x 100,000
PV = (X6)V + (X25)V where X25 is + when X6 is +; X25 is -

when X6 is -.

V = 7IB.D.(X )4(x8
), fpm

12 ~ 360
B.D.= ball diameter, in

NOMOGRAPHS FOR GRAPHICAL SOLUTION OF REQUIRED VARIABLES

Figure 31 is a nomograph which can be used for rapid estimation
of the surface velocity (V) in fpm. The use of the nomograph
is self-explanatory . Figure 32 is a nomograph which allows
rapid estimation of variables X25, X27, and X28. Variable X25
can be obtained from Figure 32 by:

1. drawing a horizontal line from the value of cyclic
radial pressure (1000) to intersect with the diagonal
line for the phase angle (90°).

2. drawing a vertical line from the aforementioned
intersection to the cyclic radial pressure modified
(X25) scale and inter polating the answer (500)

Variable X27 can be obtained by:

3. locating the value for starface velocity on the
vertical surface velocity scale (16.36).

4. drawing a straight line from the surface velocity
scale to the lower left zero reference point.

5. drawing a horizontal line from the intersection of
the vertical line drawn in 2 above with the diagonal
line drawn in 4 above and interpolating the answer
(8200).

113



0)

~ 20 —
Speed of ball / /
oscillation

25- / I~~/ / /  /
- Bearing
- size

a 2 O_  ..
lI~I - / ‘y r), ~~~~~

- ‘ v
/

~~ l5-
>1 -
.1-) —

~~ l0~~
• 

...
.-~~~~~~~~ Example :

~ 5
,,, ...- c pm = 6 00/7 ~...

- MS141O1-6 bearing
Answer: V = 10.9 fpm

04  ‘ 
I I I I I

2000 4000 6000 8000 10000 12000 14000

Oscillation angle times oscillation speed#’s(deg) (cpm)

Figure 31. Surface velocity nomograph.

ii: 

-- _ _ _ _ _ _ _ _



Phase angle (
~ ) ‘-‘ deg::~~~~ 

~~~~~~~
o
~~~~~~~

o

0oj

/

_ ©

/V ~~~~~~0 
__________ 16.36

!1. 30i~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ®
fPm

0 400 800 1200 1600 2000 2400
Cyclic radial pressure modified (x25) -~~ psi

Figure 32. Nomograph for x25, x27, and x28.

115



Variable X28 can be obtained by:
6. drawing a horizontal line from the upper left zero

reference a distance equal to the summation of the
static radial pressure (2000) and the cyclic radial
pressure modified (500).

7. drawing a vertical line downward.

8. extending the diagonal line drawn in 4 to intersect
with the vertical line drawn in 7.

9. drawing a horizontal line from the intersection
obtained in 8 and interpolating the answer (40,900).

SAMPLE WEAR CALCULATIONS

AH-lQ Main Rotor Pitch_Link (Upper Rod End)

Pitch Link Load = 500 lb Tension ±1200 lb
M.R. Teeter Angle = ±3.2 deg
M.R. Pitch Angle = ±9.5 deg
Main Rotor RPM = 324 CPM
Assume Rexion -2 MSl4lOl-16 Bearing is to be used.
MIL-B-818l9, Draft #5 uses ball diameter multiplied

by minimum liner width as the effective bearing
area.

AEFF = B.D. (Hmin) 2AEFF = 1.500 (0.742) = 1.113 in for MSl4l Ol—l6
bearing

X6 
= 500 lb/l.1l3 in2 = 449 psi

X9 = 1200 lb/l.l13 in2 = 1078 psi

X7 
= 324 CPM (M.R. RPM)

X8 
= 9.5 deg (M.R. pitch angle)

x13 = 90 deg (Phase angle between pitch link
vibratory load and M.R. pitch angle is
approximately 90 deg)

X10 = 0

V = ir l.~~
0(324)4~~~

5) 
= 13.4303 fpm

PV = (X6)V + (X25)V

X25 = 0.5(X9) = 0.5(1078) = 539 psi (Use 0.5 because
X13 = 90°)

X = abs. value of PV I ( 4 ~
9) (13.4303)

28 
~~~~~ (13.4303)1
= 13269 psi—fpm

116



Assume Water Contamination. Assume the maximum total liner
wear for this application has been specified to be 0.020
inch and the desired wear life is 1000 hours. Therefore,
X11 

= 1000 hr.

Use equation B, page 111 and the WT equation from equations
D, page 112 to calculate total liner wear and liner wear on
the tension side.

(It is recommended that liner wear on the compression side
not be calculated because the loading is predominantly ten-
sion. Also, radial play is not calculated because both ten-
sion and compression 1oa~ds are present.)

W = —275.4 + 2.015 + 183.87 + 4861.59 + 1.438 = 4773.5
WT 

= —130.8 + 162.04 + 3926.4 —475.66
= 3482.0

Thus , W = 0.0477 + 0.0022 in (which exceeds 0.020 in maximum)

WT = 0.0348 + 0.0018 in (which exceeds 0.012 in liner
wear limit)

Using W = 2000 and WT = 1200, solve above equations for
time, X11.

W = 2000 = —275.4 + 2.015 + 183.87 + 4.86l59(Xii)w
+ 1.438 + 220.9

(Xii)w = 430 hrs + 45 hrs

WT = 1200 = —130.8 + 162.04 + 3.9264 (X 11)~~ —475.66

+ 184.0

(X 11
) w = 419 hrs + 47 hrs

T

The calculated minimum life with water present is

419—47 = 372 hrs.
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CONCLUSIONS

1. Two separate and distinct populations were identified from
the 48 bearings tested in the twelve-bay test rig. One
population consisted of 36 bear ings with no water contam-
ination and the second population consisted of 12 bearings
with water contamination.

2. The average wear characteristics of the 12 bearings with
water contamination were identical to the average for the
36 bearings without water for the first 25 hours of test
time . After  this break-in period , the water contaminated
bearings exhibited an average wear rate approximately 60
times as great as the average wear rate for the bearings
not contaminated with water .

3. All the twelve—bay wear data were linear with time unless
more than 0.012 inch liner wear was encountered.

4.  The major contributors to total liner wear are water
interacting with time , water interacting with cyclic
radial pressure, static radial pressure , and maximum
absolute value of PV. These four contributors explain
81% of the variation in total liner wear.

5. The wear predictions are poor (residual/Sy > ± 3 Sy) for
the very short lives that result when water is present.

6. Load ratio which was defined as the ratio of static radial
pressure to cyclic radial pressure explained less than
0.1% of the variation in wear or radial play.

7. We could not adapt the Rexnord equation to the twelve-bay
test rig results.

8. The equation, wear = 60k PVT, can be used to approximate
the wear life of the bearings tested on the twelve-bay
test rig. By using the equations for k developed in this
report, 32.8% ari d 63.2% of the variation in wear factor
can be explained for the bearings tested without water and
with water, respectively .

9. The results from two bearings tested on the four—bay test
rig support the theoretical hypothesis that the wear life
of a bearing is not affected by the sequence with which
parts of a duty cycle are performed .

10. Interference fit was found to have no s ignif icant  e f f ec t
on the wear results obtained from the twelve-bay test rig.
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RECOMMENDATIONS

The following recommendations are presented as a logical out-
come of this contract and as a realization of the limitations
on the wear—life  equations as set forth in this report:

1. Additional testing should be done to improve the
reliability of the wear-life equations.

2. Additional testing should be accomplished with
bearings of other sizes and from other manufacturers
to increase the scope of the design equations. As a
minimum , the —16 size should be tested with a statis-
tically valid number of specimens.

3. Testing should be done with out-of-plane motion in
order to provide an improved equation which would
allow considerations of this important and commonly
occurring parameter. Note that this variable must
be investigated in conjunction with the previously
investigated variables. Extreme caution must be
exercised in the experimental design planning stage
in order to evaluate properly both the beneficial
and the deleterious effects  of out-of-plane motion.
Out-of-plane motion can be beneficial by eliminating
deleterious wear debris from the loaded interior of
the bearing. Out-of—plane motion can cause accel-
erated wear by t ransferring debris-laden external
surroundings into the interior of the bearing .

4. More testing should be done with water, a combination
of water with sand and dust, and oil with sand and
dust in order to obtain more information on these three
important and commonly encountered wear initiators.

5. Consideration should be given to the use of an easily
programmable , automatic loading and actuating system ,
such as an electrohydraulic actuated servo system with
load and motion phasing capability , for future testing .
(The increased accuracy in the loading and motions may
help to reduce the standard error of the estimate and
increase the correlation coefficient.)

6. The effect of different test rigs should be evaluated.

7. The bearing materials should be made less sensitive to
water or water shoulct be excluded from the ball-liner
wear surface by a seal.
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8. Additional continuous rotation tests should be
performed with lower energy input levels in order to
prove or disprove this low cost approach to evaluating
bearing capacity. Also, additional tests should be
performed to find out if total wear is independent of
the sequence of a series of separate wear conditions.

9. The sample in Appendix E does not appear to be large
enough to support the finding that size effects and
manufacturing source (among the three best) have no
significant effect on wear life. Also, Appendix E
data shows no significant difference in wear life
caused by water and wear life caused by sand and dust
contamination, whereas this program identified signif-
icant difference in wear l i fe .  Therefore , more testing
should be performed to expand the sample size in
Appendix E.
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APPENDIX A

DESCRIPTION OF FACTORIAL DESIGNED EXPERIMENT

RATIONALE FOR INITIAL SCREENING TESTS

Liner wear which has a dir ect influence on radial play can be
affected by many factors in normal helicopter usage. Among
these are :

1. Static radial pressure .

2. Cyclic radial pressure. )
3. Speed of ball oscillation .

4. Ball oscillating angle.

5. Phase angle between the cyclic radial pressure and
the ball oscillating angle.

6. Static axial load .

7. Cyclir axial load.

8. Fresh water contamination.

9. Dirt contamination .

10. Hydraulic fluid contamination.

11. Cleaning solvent contamination .

12. Salt water contamination .

13. Anti—icing fluid contamination.

14. Out-of—plane motion of the ball with respect to the
liner (both transverse and ‘rotational) .

15. Ambient temperature.

16. Inner race (ball) or outer race (liner) rotation.

17. Cyclic radial pressure frequency with respect to
ball oscillation frequency.

18. Phase angle between the cyclic axial load and the
ball oscillating angle.

19. Cyclic axial load frequency with respect to ball
oscillation frequency .

20. Bearing size.
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21. Bearing manufacturer.

22. Ratio of static radial pressure to cyclic radial
pressure (called load ratio).

23. Compression or tension loading.

24. Break—in .

25. Initial radial clearance.

26. Hours of usage.

27. Test rig differences.

28. Attitude (horizontal or vertical, shank up or down).

29. Bearing internal friction.

It is known that these factors do not act independently or
entirely linearly in producing wear on a bearing , but rather
act and interact in complex ways, the mechanisms of which are
not thoroughly understood and for which analytical expressions
do not exist.

Of these factors, factors 1 through 12, 14, 20 through 22 ,
and 26 are considered to be the most significant. The inves-
tigation of factor 7 was ruled out because the expenditure of
funds needed to modify the existing test rigs to develop
cyclic axial loading would be excessive. Factor 12 was ruled
out because Army helicopters normally do not operate in salt-
laden air. Factor 13 was not tested because of the limited
use of anti-icing fluid on helicopters.

Factor 14 can be deleterious to the wear life in cases where
foreign contaminants are wiped into the wear zone and bane-
ficial in cases where abrasive wear debris is wiped out of
the wear zone . The investigation of thi s factor was ruled out
because contract funds would not be sufficient to allow the
necessary modifications to the existing test rigs. Factor 15
was not tested because high ambient temperatures (near 325°F)
do not exist in norma l helicopter usage and low temperatures
(near -65°F), although classically causing high wear in Teflon
bearings, have never caused degradation in actual cold—weather
operation with helicopters. (The lack of low—temperature de-
gradation in actual cold-weather operation may be the result
of minimal extended operation at extremely low temperatures ,
bearing fr iction causing a temperature r ise within the bearing
in spite of the cold ambient conditions , or the low humidity
associated with low temperature operation.)
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Classically , inner race rotation causes higher wear on Teflon
bearings than outer race rotation and has been attributed to
the fact that inner race rotation subjects a smaller portion
of the sacrificial liner material of the outer race to the
wear process. Most helicopter bearings are subjected to this
condition and for the sake of economy , it was decided that
only inner race rotation would be used in this program.

Factors 20 and 21 are covered by the use of the Government—
furnished data from tests on -6 and -16 bearing sizes from
three bearing manufacturers. Factors 22, 23, and 26 are
investigated in this program.

The remaining factors , 17 through 19 , 24 , 25 , and 27 through
29, are considered to be of a lower order of importance or
signi.Eicance and have been ruled out in order to keep the cost
of the test program within reasonable fiscal guidelines.

Given factors 1 through 6, 8 through 11, 22 , 23, and 26 ,  the
design of a screening test was initiated. It was decided
that factors 8 through 11 could be treated as one variable
entitled contaminants and the variable would have five con-
ditions: none; sand & dust; water; Skydrol 500A and P-D-680,
Type I, cleaning solvent.

Bearings used in controls which cycle only in response to a
pilot input can be selected with relatively high confidence
at this time. Control bearings, however , which exist in
operating regimes where loads are generated by aerodynamic
and inertial forces cannot be selected with a high degree of
confidence. Therefore, the levels for factors 1 through 6
were chosen to encompass the typical loads and motions ex-
perienced by control bearings attached to rotating portions
of flight controls.
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Table A-i lists the ranges of the variables experienced by
various helicopters.

TABLE A-i

COMMON HELICOPTER RANGES OF VARIABLES

AVERAGE
LOADS AND SPEEDS CONTINUOUS TRANSIENT

Static Radial Pressure 300 psi 1000 psi

Cyclic Radial Pressure ±200 psi +2000 psi

Radial Angle of Oscillation ±5° ±10°

Transverse Angle of Oscillation ±3° ±6°

Rotational Angle of Oscillation j3° ±60

Cyclic Rates: 275 to 350 cpm,
l5~ 0 to 2000 cpm

Surface Velocity 5 fpm 20 fpm

PV 20,000 40,000

Axial Static Load, pounds: 0% to 10% of Radial Static Load

Phase relationship of cyclic radial load with cyclic velocity:
00 to 90°

4
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The following subparagraphs explain the choice of the levels
for variables 1 through 6, 22, 23, and 26.

Static Radial Pressure (variable 1)

Usual values of static radial pressure are 300 psi
with transient loadings to 1000 psi. MIL-B--8l819,
draft  #5 specifies wear testing at a static radial
pressure of 2000 psi with the rod end shank in
compression. It was decided to use zero load, 1000
psi compression and 2000 psi compression . The exis-
tence of the 1000 psi compression load allows
determination of the linearity of bearing wear with
respect to static radial load. The use of 2000 psi
rather than a lower maximum load allows comparisons
with MIL-B-8l8l9, draft #5 testing and also allows
for future growth.

Compression or Tension Loading (variable 23)

There are indications from previous test work that
rod end bearing wear can be affected by the direction
of loading. Therefore, an additional level has been
added to the static radial pressure variable:
2000 psi tension. The use of both a tension and
compression load at the 2000 psi level allows
determination of the difference in the two directions
of loading and to what quantitative degree.

Speed of Ball Oscillation (variable 3)

A minimum level of 300 cpm was picked because this
value is typical of the main rotor rpm for many
operational helicopters. A maximum level of 900 cpm
was chosen as being a reasonable upper limit for the
speed capability of the test rig. The third level
of 600 cpm allows determination of linearity of bear-
ing wear with speed of ball oscillation.

Ball Oscillating Angle (variable 4)

Angles of 5, 10, and 15 degrees were chosen. The
first two angles coincide with the angles usually
seen in normal helicopter usage. The 15-degree angle
provides the capability of developing a linear slid-
ing velocity of 20 fpm (see Table A-l) even though
the maximum speed of ball oscillation is slightly
less than one-half the maximum encountered on the
tail rotors of some types of helicopters.
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Cyclic Radial Pressure (variable 2)

Levels of 0, 1000, 1500, and 2000 psi were chosen.
This choice allows the linearity of bearing wear
versus cyclic radial pressure to be determined.
Also , these levels nicely cover the range of values
listed in Table A-l.

Phase Angle Between the Cyclic Radial Pressure and
the Ball Oscillating Angle (variable 5)

Levels of 0, 45 , and 90 degrees were chosen and are
defined in Figure A-l. This choice allows the lin-
earity of bearing wear versus phase angle to be
determined and covers the ranges of values listed
in Table A-i.

Ratio of Static Radial Pressure to Cyclic Radial
Pressure (Load Rati o) (variable 22)

The values of 0 , 1000 , and 2000 psi chosen for static
radial pressure, when combined with the values of 0,
1000, 1500, and 2000 psi chosen for the cyclic radial
pressure, produce ratios of 0, 1/2, 2/3, 1, 1—1/3, 2,
and infinity. Previous test data indicated that
roughly equal increments of wear can be caused by in-
creasing the load ratio in successive increments from
0 to 0.3 to 1.0 to infinity. Therefore , the choices
for the levels of static radial pressure and cyclic
radial pressure provide an adequate coverage of the
total range for the load ratio .

Static Axial Load (variable 6)

As shown in Table A-i , the axial static load can
range from zero to 10% o2 the radial static load.
The maximum static radial pressure chosen for test-
ing is 2000 psi. Therefore , the maximum static
radial load for the -6 test bearing equals 2000 psi
multiplied by the ball diameter of 0.625 inch
multiplied by the liner minimum width of 0.257 inch
for a value of 321 pounds. Values of 0, 30, and 60
pounds were chosen for the static axial load, thus
effec tively bracketing the 10% of maximum radial
static load value. The use of three levels also
provides information on the lineari ty of the rela-
tionship between wear and static axial load.
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Hours of Usage (variable 26)

The screening tests consisted .of 350 hours of test
time for each test specimen unless failure occurred.
From these tests and additional verification tests of
350-hour duration, the relationship between wear and
hours of usage was determined.

Table A-2 summarizes the variables and the respective levels
chosen.

TABLE A-2

LIST OF VARIABLES AND THEIR RESPECTIVE LEVELS

CODE VARIABLE LEVELS VALUES

A Static Radial Pressure 4 2000C, l000C,
(psi) 0, 2000T

B Speed of Ball Oscil— 3 300, 600, 900
lation (cpm)

C Ball Oscillating Angle 3 ±5, ±10, ±15
(d eg)

D Cyclic Radial Pressure 4 0, ±1000, *1500,
(psi) ±2000

E Phase Angle Between 3 0, 45 , 90
C&D (deg)
(See Figure A-i)

F Static Axial Load (ib) 3 0, 30, 60

G Contaminants 5 None, S&D, Water ,
500A, 680
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SELECTION OF STATISTICAL TESTING TECHNIQUE

To examine, in a full factorial experiment, the main effects
and all interactions for the seven variables and their respec-
tive levels as shown in Table A-2, a total of 4x 3x3x4x 3x3x5
(or 6480) runs would be required. The number of runs can be
reduced to a practical size by some means of fractional
replication. Various techniques are available, including
fraction factorial, multiple balance, random assignment, re-
sponse surface, and evolutionary operation.

In the range of ten variables , the usual choice is between
multiple balance and random assignment. Multiple balance
places limi ts on the number of levels for the several vari-
ables. These limitations might require more testing than is
necessary . Response surface testing is a sequential design
where the program can be redesigned after every test. It is
useful when the use of a single piece of equipment is to be
optimized . Evolutionary operation testing is a comparative
process looking for a mm /max answer. Each test series is
followed by a repetition, again homing in on a mm /max answer.

For the screening tests in the twelve-bay test rig , the tech-
nique used was random assignment, modified to eliminate meaning-
less combinations. For instance, phase angles of 45° or 900
are meaningless when the cyclic radial pressure is zero. Also,
a static radial pressure of zero combined with a cyclic radial
load of zero and a static axial load of zero is meaningless.

A summary of the major steps in the development of the ex-
perimental design is presented in the following pages.

INITIAL DESIGN OF EXPERIMENT

1. The variables were identified and were listed together
with their number of levels .and their values as shown in Table
A— 2. In so doing, the number of levels was determined by
engineering judgement and the values were selected to represent
the range of values encountered in typical helicopter operation.

2. The next order of business was to determine the number of
test specimens to be used for the screening tests. One con-
straint on this decision was the fact that the existing twelve-
bay wear test rig had to be used for the 350-hour screening
tests as well as the 350—hour validation tests; thus, the total
number of screening test specimens had to be some multiple of
12. The second constraint was a calendar time of approx,imately
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5 months (108 working days) available to perform the screening
tests and the validation tests. Based on a two—shift test
operation , a 350—hour duration test requires 25 working
days. Therefore, it was obvious that a maximum of three 350—
hour screening tests could be performed and 36 test specimens
would be needed . This number of specimens is more than ade-
quate to provide the necessary results. Also, as will be seen
later , the number 36 allows the use of 4 levels in lieu of the
usual 3 levels for variables A and D.

3. Variables A , B , and C were chosen to be included in a
three—factor fu l l  factorial design because the variables of
static radial pressure, speed of ball osc illation , and ball
oscillating angle make up the conventional “PV ” variable.
Thus, Design I, as shown in Figure A—2 , provides a direct
quantitative determination of the true significance of “PV” .
It is significant to note that the decision to use 36 test
specimens for the screening tests was also based on the fact
that variables A , B, and C were to be included in factorial
design I with four levels for A and three levels each for B
and C, thus requiring 36 test specimens to explore each one of
the 36 possible combinations of A , B , and C.

4. A 36-specimen modified factorial desjgn was established
for variables D, E, and F as shown in Design II of Figure A-3 .
(The variables of cyclic radial pressure and phase angle were
selected for Design II because phase angle and cyclic radial
load are related by the definition of phase angle being the
angle between the parameters of ball oscillation angle and
cyclic radial pressure. The variable static axial load was
selected for Design II partly by process of elimination and
partly from engineering judgement that concludes that “pound-
ing” due to cyclic radial load is minimized if axial loads
are present.) Design II was not designed as a full factorial
design and was purposely warped to eliminate testing at 45° or
90° phase angle when the cyclic radial load was zero. This
was because phase angles of 45° and 90° are meaningless when
cycle radial pressure is nonexistent.

5. The five contaminants were selected for the 36 test speci-
mens in a randomized manner but at the same time heeding an
arbitrary requirement that seven test specimens were to be
tested with each of the contaminants and eight test spec imens
were to be tested with no contaminants.

6. The design control matrix shown in Figure A-4 was used to
identify all possible first—order interactions. A total of 21
possible first—order interactions exist.
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OSC . OSC . STATIC RADIAL PRESSURE (~~~~]SPEED ANG . Al A2 A3 A4
Jcpmj (deg)_ 2000C 1000C 0 2000T

C1 5 11 12 7 3

B1 600 C2 l0 2 5 6 4

C3 15 10 1 8 9

C1 5 16 18 23 19

B2 900 C2 10 14 21 13 22

C3 l5 20 17 24 15

C1 5 35 31 33 30

B3 300 C2 10 25 34 28 32

C3 15 36 26 27 29

NOTE: Numbers 1 through 36 within the above array
denote specimen identification .

Figure A-2. Design I.
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PHASE STATIC
ANG . AXIAL CYCLIC RADIAL PRESSURE (psi)
(deg) LOAD D1 D2 D3(ib) 0 1000 1500 2000

F1 0 12, 15 1

E
1 0 F2 30 2, 9, 20, 28

21

F3 60 19, 34, 27
35

F1 0 25 3, 36 11, 30

45 F
2 

30 5, 23 6 29

F3 60 26 17 7

F1 0 22 4, 33 8

B3 90 F2 30 24 13 18

F
3 

60 16, 32 10 14, 31

Figure A-3. Design II . 
.
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A B C D E F G

A

B X

.C X X

D X  X X

E X X X X

F X X X X X

G X X X X X X

Note: X - represents first—order interaction possibilities.

Figure A-4. Design control matrix .

7. An interdesign interaction matrix similar to the DxG in-
teraction matrix of Figure A-S was drawn for each of the 21
first-order interactions. Also, the interdesign interaction
AxDxF was drawn as shown in Figure A-6.

8. Reassignment of the contaminants specified for the test
specimens was made in order to improve the design of the
experiment. (Note that the ideal design consists of an equal
number of test specimens located in each element of each
interdesign interaction matrix , but this condition is not
always possible. As a minimum , there should be a number of
specimens equal to one-half the quantity “N” where

N = No. of Specimens
No. of Elements in Interdesign Interaction Matrix
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CYCLIC CONTAMINANTS
RAD .
PRESS . G2 G4

— 
(psi) NONE S&D 

— 

WATER 500A 680

0 2 9, 19 34 , 35 12 , 15 20,  21

D2 1000 32 ~~~, 24 , 2~ 23 , 26 16, 22 1

D3 1500 4 , 17 , 36 13 . 3, 10 33 6, 27

D4 2000 7, 29 , 31 18 14 11, 28 8 , 30

Figure A—5. Interdesign interaction DxG.

CYCLIC STATIC STATIC RAD IAL PRESSURE (ps i )
RAD . AXIAL
PRESS. LOAD A 1 A2 A 3 A

4
(psi) (ib) 2000C 1000C 0 2000T

F1 0 12 15

D1 0 F2 30 2 , 20 21 9

F 3 60 35 34 19

F1 0 25 1 22

D2 1000 
~
‘2 30 5 23 , 24

F3 60 16 26 32

F1 0 36 33 3 , 4

D3 1500 F2 30 6, 13

F3 60 10 17 27

F1 0 1]. 8 30

D4 2000 F2 30 18 28 29

F
3 

60 14 31 7

Figure A-6. Interdesign interaction AxDxF .
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Usually, it is good practice to provide at least 2 specimens
per matrix element in order to provide replication . The
AxDxF interdesign interaction matrix , however, has 48 elements
and there are only 36 specimens available for test. Also , the
constraint that zero cyclic radial load coupled with zero static
radial load would result in inefficient usage of the available
test specimens forces the AxD interdesign interaction matrix
of Figure A—7 to have one unfilled element.)

CYCLIC 
___________  

STATIC RADIAL PRESSURE (psi)
RADIAL A1 A2 A3 A4
PRESS.
(psi) 2000C l000C = 0 2000T

D1 0 2 , 20 , 35 12 , 21, 34 9 , 15 , 19

D2 1000 16 , 25 1, 5, 26 23 , 24 22, 32

1500 10 , 36 17 6, 13 , 27 , 33 3 , 4

2000 11, 14 18 , 31 7,  8 , 28 2 9, 30

Figure A-7. Interdesign interaction AxD.

9. Finally, the choice of test bays and the order of
testing (sequences) was randomized within the constraints of
the system, resulting in the following table of test conditions
(see Table A -3 ) .

10. For reference purposes , Table A-4 lists the test
spec imens grouped into their respective load ratio categories
and ranked in descending value of maximum PV.
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APPENDIX B

STEPWISE MULTIPLE REGRESSION
(COMPUTER PROGRAM REGRESS)

INTRODUCTION

After the fractional factorial experiment had been designed
and the test results had been obtained , various methods could
have been used to obtain an equation for wear with respect to
the defined independent variables. In one method , a person
coul d perform analys es of variance to determine which variables
have a statistically significant effect on the dependent van -
able, wear. A multiple regression analysis could then be per-
formed to determine their mathematical relationships to the
dependent variable. A particularly useful method lends itself
well to this problem of equation development with multiple
independent variables. This method is called stepwise multiple
regression.

COMPUTER PROGRAM REGRESS

The stepwise multiple regression computer program, REGRESS,
used for equation development on this contract was originally
obtained from IBM and has been revised and improved by Kaxnan
personnel. REGRESS is based on the abbreviated Doolittle
method which is described in Appendix 6A of Reference 2.

The January 16 , 1978 Kainan version of REGRESS has the capa-
bi l ity of automatically performing a stepwise multiple re-
gression anal ys is  wi th any number of variables between 2 and
90 provided that the number of observations exceeds the number
of variables by at least three. The program directs the IBM
360 computer to read the observations from IBM cards (12
observations per car d), to read subset selection cards (one
for each selection that is to be computed), and then to cal-
culate the means , standar d deviations , and the corr elation
coefficien .ts for the total number of variables specified.

There is no program limitation on the number of selections
that can be run. However, in each selection only one of the
variables can be specified as the dependent variable and the

2 Bennett, C.A .~ and Fr anklin, N.L., Statistical Analysis in
Chemistry and the Chemical Industry, John Wiley and Sons,
Inc., New York, N.Y., c~ 1954.
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remaining variables must be treated as independent variables.
For each particular selection , any of the independent vari-
ables can be forced into or de leted from the regression
equation, irrespective of its contribution to the equation.
The program dir ects the computer to enter all the forced
variables into the regression equation before all cther in-
dependent variables. Within the set of forced variables,
the computer is programmed to select the first variable to be
entered as the one which explains the greatest amount of var-
iance between it and the dependent variable. In other words,
the variable with the highest partial correlation with the
dependent variable is chosen first. The computer continues to
step through all the forced variables, always picking the next
variable to be entered as the one which explains the next
greatest amount of variance , until there are no more forced
variables. Then, the program directs the computer to step
through the remaining independent variables , always picking
the next var iable to be entered as the one with the next high-
est partial correlation with the dependent variable.

At each step the computer calculates a regression equation
based on the dependent variable and all the independent vari-
ables selected by all the steps up to and including the present
step. The computer then prints out the following information
befor e starting on the next step:

1. The sum of the squares reduced in this step.

2. The proportion of the sum of the squares reduced
in this step.

3. The cumulative sum of the squares reduced in this
step and all preceding steps.

4. The cumulative proportion of the sum of the squares
reduced in this step and all preceding steps.

5a. The multiple correlation coefficient for the number
of variables entered into the regression equation
which is also the square root of the value in number
4 above.

5b. The same information as in 5a but adjusted for
degrees of freedom.

6. The F-value for analysis of variance.

7a. The standard error of the estimate.
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7b. The same information as in 7a but adjusted for
degrees of freedom.

8. The regression coefficient, the standard error of
the regression coefficient, and a computed t value
for each of the variables entered.

9. The intercept of the regression equation , or in
other words , the value of the dependent variable
when all the entered variables are equated to zero .

Figure B-l presents the computer printout for the third and
fourth steps of a typical run .

Kaman ’s version of REGRESS also has the capability of data
transformation and variable generation by computer. Thus,
only the basic independent variables (such as static radial
pressure , angle of oscillation, time , etc.) and the obser-
vation for the dependent variables (such as wear, radial play,
etc.) have to be fed into the computer by use of IBM cards.
One control card can be used to instruct the computer to gener-
ate nee&~i variables or interactions between variables by per-
forming any of the following arithmetic transformations:

1. Addition X17 + X19

2. Subtraction X1 - X2

3. Multiplication X 5 * Xli.

4. Division X6 X9

5. Absolute value ~X 6

6. Inverse 1 X21

7. Variable raised to a power (X6)
3

8. Natural log of a variable ln(X12)

9. Average of two variables (X14 + X15) + 2

10. Multiplication by a changing X9 * .707 if X 11 = 45
constant (dependent on value X 9 * .5 if X11 = 90
of another speci f i ed variable) X9 * 1.0 if X 11 = 0
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__
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Figure 8-1. Typical computer printout for program REGRESS.
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11. Absolute value of sum 4x 17 + x19f
12. Absolute value of quotient 1x 6 + X~

13. Change si gn of variable A If X6 = -

based on sign of variable B Then X18 = -

14. Multiply variable by a factor (X6 * 10fl )

of 10

15. Divide variable by a factor (X6 + 10fl
)

of 10

16. Product of two variables divided (X6 * X9) 1000
by 1000

17. Variable raised to a power n (x 6 ) 3 lo~divided by i~~
(3
~
)

18. Absolute value of sum divided 1X 23 + X26~ i0~
by l0~

19. Addition of a constant and a X88 + 46
variable

STATISTICAL VERIFICATION OF REGRESSION RESULTS

Throughout this program at least two checks were made to
verify that the results were statistically significant. These
checks are illustrated by using the computer print-out results
of Figure B-l. The f i rs t  method , shown in Table B—l , consists
of comparing the multiple correlation coef f ic ients obtained
from program REGRESS with the minimum values for the multiple
correlation coefficient (r) listed in Table B-2 for .05 and
.01 levels of significance. Note that steps 1 and 2 were not
presented in Figure B—i , but produced multiple correlation
coefficients of 0.601 and 0.695, respectively. The critical
value of r obtained in Table B-2 represents the numerical value
which wi l l  be exceeded only 5 percent or 1 percent of the time
for that sample size if the true correlation coefficient was
zero. By comparison of the actual value of r with the critical
value of r , we can either accept or reject the hypothesis that
no association between the dependent variable and the indepen-
dent variable exis ts (r true = 0). If the actual value is less

than the critical value, we conclude that no association
exists. If greater, we conclude that a si gnificant association
exists.
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TABLE B-l. TYPICAL SIGNIFICANCE CHECK FOR
MULT IPLE CORRELATION COEFFICIENTS

VALUES OF CORR . CORR.COEFF.(r)
DEGREES COEFFICIENT FROM OBTAINED

STEP NO. OF OF TABLE 8-2 IN
NUMBER VARIABLES FREEDOM X~~()5 r .o l REGRESS

1 2 178 .151 .197 .601

2 3 177 .188 .232 .695

3 4 176 .215 .256 .736

4 5 175 .236 .277 .766

The second method for significance testing consists of com-
paring the F—value for analysis of variance computed by
REGRESS with the cri tical value obtained from a standard table
of F-values. We illustrate this method for step 4 of Figure
B-l. In order to obtain the critical F-value from a table of
F—values, we must determine the degrees of freedom for the
numerator , k , the degrees of freedom for the denominator ,
n—k-i, and the level of si gni f icance (see page 429 of ref er-
ence 2). For step 4 of Figure B-i, k is 4 and n, the number
of observations , is 180 . Therefore , the critical F-value at
the .005 level of significance is approximately 3.92. Thus,
with the REGRESS calculated value of 62.2 being larger than
the cri tical value , we can conclude that there is strong
evidence , at the .005 level of significance , of a linear
regression of the dependent varia ble upon the four independent
variables.
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APPENDIX C
DETERMINATION OF VALIDATION TEST CONDITIONS

(TWELVE-BAY TEST RIG)

Once the first three 350-hour tests in the twelve-bay test
rig had been completed , the selection process for the test
conditions for the validation tests could be started. First,
a stepwise regression analysis was performed using the data
from the 36 screening tests in order to obtain a preliminary
equation for bearing wear. This equation is presented in
Table C-i. The equation was then programmed into a time-share
computer program entitled “CALC iuu . This program instructed
the computer to predict the wear after 350 hours of testing
for all levels of the following primary variables: contami-
nation , static radial pressure , CPM , angle of oscillation ,
cyclic radial pressure, static axial load, and phase angle.
The total number of predicted wear calculations can be ex-
pressed as 5x5x3x3x5x3x3 , or 10,125. The computer printout
was then scanned and a total of 78 conditions which caused the
highest and lowest wear were tabulated and are presented in
Table C-2, column 10. A frequency distribution divided into
11 groups can be used to show the relative location of the 78
conditions and is presented in Figure C-l.

The selection of the twelve test conditions consisted of work-
ing with 3 matrices as shown in Figures C-2, C-3, and C-4.
Initially, each matrix had 78 test condition designations
located in their respective elements. Eventually , as the
various conditions were eliminated , the matrices were reduced
to their final appearance in Figures C-2, C-3 , and C-4. It is
important to note that a table of random numbers was used to
eliminate bias in the selection of test conditions. The random
numbers were also used to choose which of the four low speed
test bays were to be used for each of the four low speed test
conditions and similarly for the medium speed and high speed
test bays. Table C-3 lists the test conditions that were used
for the fourth 350-hour test. The following things can be
noted about the conditions selected :

1. There are no duplications of conditions previously
tested . (Case number 9a conditions are identical
to those for specimen #35 which was tested in bay
#3 in the f i rst screening run , except that the
contaminant is 500A , not water . By chance , even
the same test bay will be used.)

2. With reference to Table C-2 and also the frequency
distribution of Figure C-i , 7 test conditions pro-
duced low calculated wear (2 conditions were from
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the A group , 4 f rom the B group , and 1 from the C
group) and the remaining 5 test conditions produced
high wear (4 from the L group and 1 from the K group).

3. Each of the five contamination levels is represented
in the test conditions.

4. The various levels for the variables of static radial
pressure , cpm , angle of oscillation , cyclic radial
pressure, static axial load , and phase angle are well
represented in the test conditions and are distributed
quite well.

5. Tests with water contamination and zero static axial
load now make up one-half of the tests with water
contamination. Previously, only one out of the seven
bearings tested with water had zero static axial 1o~d.
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TABLE C-i

WEAR EQUATION OBTAINED FROM COMPUTER RUN LUBE 12F
(Designated as Equation LUBE l2F-2-20)

Wear = (Variable) (Reg.Coeff.)+Variable(Reg.Coeff.)+ +
Intercept

VARIABLE REGRESSION
NUMBER VARIABLE DESCRIPTION COEFFICIENT

16 Water (Time) 5.40272
ii Time — 4 . 9 3 4 8 4
50 Water (Static Axial Load) —22.04448
56 500A (Ang.Osc.) Static Axial Load -0.11334
52 Absolute Value of Static Radial Pressure -0.00537
10 Static Axial Load 20.85109
51 Water (Static Rad. Press.) Static Axial

Load —0.00503
31 Static Rad. Press (Static Axial Load) 0.00473
57 Water (Ang.Osc.) Static Axial Load 0.72971
35 Ang . Ose. (Static Axial Load) -0.56232

5 Water 143.35999
40 Cyclic Rad. Press. (Static Axial Load)

~-i000 —2.90001
58 None (Cyclic Rad. Press) Static Axial

Load ~-1000000 1078.06494
3 680 — 2 4 . 7 4 2 0 5

33 CPM (Static Axial Load) —0.00221
41 CPM (Cyclic Rad. Press.) ~-1000 0.07697
38 Cyclic Rad. Press. (Phase Angle) —0 .00055
49 500A (Static Axial Load) 2.44135

2 Sand and Dust 20.41521
45 in (Time ) — 2 7 . 3 3 0 2 9

Intercept 4 .27798
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TABLE C-i (Continued)

WEAR EQUATION OBTAINED FROM COMPUTER RUN LUBE 12F

DESCRIPTION OF VARIABLES

a. In variables 16, 50, 56, 51, 57, 5, 3, 49, and 2,
substitute a uu 2I, if the bearing has been contaminated
with the specified contaminant (such as water) and au,1,u if the bearing has not been contaminated .

b. In variable 58 , substitute a u u 2 uu if the bearing has
not been contaminated and a ,,1uu if it has been con-
taminated .

c. Static radial pressure and cyclic radial pressure
are in psi.

d. Angle of oscillation and phase angle are in degrees.

e. CPM is the cycles per minute of ball oscillation.

f. Static axial load is in pounds of force.

g. Time is in hours.

h. The total bearing wear calculated from this equation
must be divided by 100,000 in order to obtain inches
of wear.
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Figure C-i. Frequency distribution
( for test conditions producing highest and lowest wear) .
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Code ~. 1 2 3 4

Code COde~~S.R.P~~2OO0T b OOT 0 1000C 2000C
1 39 9a

300 2 100 *1
CPM — —

3 15° 35 
_________ _________ _________ ________

5° 3a 4c

2 600 10° 27 26
CPM
______ 

150 
_________ _________ __________ _________ _________

5° 2a

- *2

3 9 00 15° lb 2d
CPM ~~~ _______  ________  ________  _______ —_____

Ang . Osc”~-

Figure C-2. Static radial pressure x speed of oscill ation x
angle of oscillation matrix.

Code . 1 2 3 4 5
Code

Code ~~~ p~—.- 0 ±500 ±1000 ±1500 ±2000
1 0* 4c lb,2a,

1 0° 2 3i51 * 1 *2
‘hase 

_________ _________ _________ _________ ________

~ng. 3 ~~~ 9a

0* 27

2.45° ~~~
26

0*

3 90° TöI
35 , 39

W

4tatic Axial Load

Figure C-3. Cyclic radial pressure x phase angle x static
axial load matrix.
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- No Water
Code

r . ~~~ 2 3 4 5

______  
None S&D 680 500A Water

1 2000T *1 39 35 2a

2 1000T 3a

3 0 27 *2 lb

4 1000C 4c

5 2000C 26 9a 2d

Figure C — 4 .  Static radial pressure x contamination
interaction matrix .
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APPENDIX D
MODIFICATION OF REXNORD EQUATIONS FOR BEARING LIFE

INTRODUCT ION

As discussed in the Deterministic Equation Development section
of this report, attempts were made to modify existing wear
equations to fit the test data obtained in this program . The
results of the first attempt using a Rexnord equation are pre-
sented in this section of the report. The attempt with the
best results utilized an equation based on PV and is presented
in the Equation Development section of this report .

MODIFICATION 01’ REXNORD E~~~T ION

The Rexnord equation was presented in nomograph form in the
Rexlon Engineering section of their Aerospace Bearings Catalog
number 855, copyright 1969. The nomograph is presented in
Figure D-1 and is restricted to those applications described
by the following parameters:

1. Speed not exceeding 60 cycles per minute .

2. Effective pressures not exceeding 25 , 000 psi.

3. Oscillation up to 90° included angle (in other
words, ±450).

Even though the nomograph was obviously for low-speed , fixed-
wing type bearing applications, it was felt that the equations
could be modified to represent the high-speed , rotary-wing
applications.

The following parameters were defined for the selection chart
of Figure D-l as follows:

~ ~e 
— C1 Kt (Fr + 5 F~~) where

= equivalent radial dynamic load, lb.
C1 = 1.2 (if bearing is directly exposed to water

or deicers; otherwise, C1 = 1.0).
Kt = temperature adjustment factor.
Kt = 1.0 (for temperatures up to 250°F)

K = 1.0 + (T 25 0) ( for  temperatures between 250°Ft 250 and 500°F) .
T = maximum temperature anticipated in the

application, °F.
Fr = maximum applied dynamic radial load, lb.
Fa maximum applied dynamic axial load , lb.
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BEARING AREA FACTOR (BAF)

Figure D-l. Rexion selection chart.
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2. ~ = oscillation-included angle , deg (4 = 2 0).
0 = ball oscillation angle in twelve-bay rig .

3. BAF = bearing area factor which is a numerical index
of a bearing ’s dynamic performance ability and
is based upon ef fec t ive bear ing area . (Re xlon
bearings are rated on the basis of L10 life
expectancy which means that 90% of a given
group of bearings will exceed the predicted
life.)

BAF = 0.181 for MS1410l-6 and MSl4lO4—6 bearings.

4. C6 = cycles to .006 in• total wear.

C6 = 
0)~~~~~ for cases where the allowable wear is

less than .006 in. in a specified number
of cycles.

W = total wear allowed in particular application ,
in.

C = number of cycles in which W will be expected to
occur .

The following equation was derived by Kaman from Figure D-l
to allow calculation of variable C6 within ±4%:

— .036l9~ 612.3061
C = 45.927l e BAFx1O
6

where all variables are as defined previously .

Taking the natural logarithm of both sides of the equation ,
we obtain the following equation:

ln(C6) = 3.82706 —0 .036l9~ + 2.306 1 1~~[BAFXl0
6 }

Our attempt to modify this equation to fit the test data con-
sisted of rewriting the equation as follows :

ln (C6) = K 1 + K 2 p + K 3 ln [BAFX 1O 6]

t ach of the slope and intercept values of Table 12 , except for
the eight bearings with a negative slope , were used in con-
junction with the respective speed of oscillation to calculate
the number of cycles required to obtain .006 inch of wear.
Then two stepwise multiple regression analyses , one for the 12
bearings contaminated with water and the second for the re-
maining 28 bearings without water contamination , were performed
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using ln(C6) as the dependent variable. The independent

variables were ~ and ln [BM~~b06J. Coefficients K1, K2, and

K3 were to be calculated by the regression program . However ,
in both analyses ’ the regression program automatically aborted
the computation after only two of the coefficients had been
determined. The resultant error message stated that compu-
tation of the third coefficient required the impossible task
of obtaining the square root of a negative number. Multiple
correlation coefficients  of .157 and .132 were obtained for
the water contaminated and non—water-contaminated bearings,
respectively.

Two subsequent stepwise multiple regression analyses resulted
in successful computation of all three coefficients. Multiple
correlation coefficients of 0.431 and 0.377 were obtained for
the water contaminated and non—water—contaminated bearings ,
respectively . This was accomplished by revising Rexnord ’s
equivalent radial dynamic pressure parameter to incorporate
our phase angle variable as shown below:

~em 
= C1 Kt [Fr~ 

+ 5 F ]  where

~em 
= modified equivalent radial dynamic load , lb

F = I F I + I F  if x = 0°
rq s c 13

F = I F 1+ 10 . 7 0 7  F if X = 450
r~ s c 13

F = I F  1+ 1 0 . 5  F if X = 90°
r4 s c 13
F = static radial load , lb

Fc 
= cyclic radial load , lb

X13 = phase angle between cyclic radial load andball oscilla tion angle , deg
F = I F H -I F I (in the unmodified Rexnord equation).r s c

The results of the two regression analyses are presented below:

12 bearings with 28 bearings without
water contamination water contamination

r = 0.431 r 0 .377
= 0.186 r 2 0.142

K1 = 10.61767 K1 = 14.34051

K2 = —0 .00324 K 2 = — 0 . 0 1 6 6 8
K3 = 0.81798 K3 0.76048

= 0 . 6 7 4  S~, = 1.046

Cv = 4.41% Cv 5.61%
= 0.997 S~ /~ 0 . 9 6 3
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Thus, the modified Rexnord equations are:

Bearings with water contamination

— .00324q ~ 6’ 0.81798
C = (0.04085 x l06)e I BAFx10 I +3.32x1066 1 P J  -

em

Bearings without water contamination

— .0 1668~ F 61 0.76048 7C = (1.6905 x l06)e I BAF’~
C1.0 I +13.3x 106 i ~L em

These equations explain only 18.6% and 14.2% of the total
variability in the variable C6 with water and without water
contamination , respectively. Thus, it was concluded that we
cannot adapt the Rexnord equation to the test conditions and
results reported herein.
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APPENDIX E

ANALYSIS OF FURNISHED DATA

The Naval Air Development Center at Warminster , Pa. has per-
formed tests on bearings from eight bearing suppliers. Wear
data from the best three out of eight suppliers were furnished
by the Government for use in this contract. The steady-load
dry-lubricated bearing wear data were obtained from tests
per formed in ~~cordance with MIL-B—818l9, Draft #5. Both -6
and -16 bearings are represented in the data. Data from twelve
—6 beari~igs were received and consisted of four from each of
three manufacturers with two of the four tested in water and
the other two tested in sand and dust. The remaining 18 bear-
ings were -16 bearings consisting of six bearings from each of
the same three manufacturers with three of the six tested in
water and the other three in sand and dust. The bearings were
identified by code letters A , B, and C but no information was
given as to which manufacturer was manufacturer A , etc.

An analysis of variance was performed on the bearing data in
order to determine if there were significant effects on the
wear caused by size, manufacturer , or contaminant. Two methods
were used to analyze the data in an analysis of variance pro-
gram . The first method used the slopes of the wear curves as
the input data. The second method used the number of hours
required to reach 0 .005 inch of wear . In both methods the
analysis of variance program indicated that there is no sig-
nificant effect on wear caused by size, manufacturer , or
contaminant to the .05 level of significance. Based upon our
test results from the twelve—bay test rig , water has a signif-
icant effect on wear life. We recommend that additional bear-
ings be tested to increase the population of tested bearings
and consequently improve the confidence level of the analysis
of variance.
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APPENDIX F

INTERFERENCE FIT, INITIAL RADIAL PLAY, AND INITIAL AXIAL PLAY

Table F-i presents a tabulation of the interference fit,
initial radial play, and initial axial play for all 48 bear-
ings tested in the twelve-bay test rig . Although there was
no requirement to investigate these factors, it was decided
to enter them in the stepwise regression analyses. Inter-
ference fit, initial radial play, and initial axial play were
entered as variables 16, 17, and 18, respectively. None of
these factors were found to have any significant effect on
test bearing wear. This could have been expected for the
initial radial play and initial axial play parameters because
these bearings were so tight that the radial play and axial
play were unusually low. However, the randomness of the
specimen selection process did provide a good distribution of
interference fit as shown in Figures F-i and F-2. Engineering
judgernent leads one to believe that initial radial play and
initial axial play would have had a significant effect , if not
on bearing wear , then on radial play. This program leaves
this question unanswered since there were no relatively loose
bearings available for testing .
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TABLE F-i

TEST BEARING INTERF E RENCE FITS AND INITIAL PLAY READINGS

RUN BAY BEARING INTERFERENCE INITIAL PLAY (IN.xlOO,000)
NO. NO. S/N F I T ( IN .x l O O , 000)  RADIAL PLAY AXIAL PLAY

1 1 DL—13 25 30 5
° 2 DL—14 35 20 20
° 3 DL—ll 50 30 5
° 4 DL—12 35 25 25
° 5 DL—9 60 0 10
° 6 DL—10 25 25 10
° 7 DL—7 40 0 30
° 8 DL—8 30 20 10
N 9 DL— 1 58 0 10
° 10 DL—3 60 0 10
‘ 11 DL—5 20 15 0
uu 12 DL— 6 45 15 25
2 1 DL— 28 25 25 10
° 2 DL—26 10 35 0
° 3 DL—18 55 60 0
° 4 DL—l9 35 45 25
° 5 DL— 25 60 30 20
.M 6 DL—20 50 20 20
° 7 DL—24 40 15 0
N 8 DL—22 40 20 5N 9 DL—2 1 38 10 10
U 10 DL—23 60 75 0
N 

~~ DL—27 45 20 0

° 12 DL—29 40 35 20
3 1 DL—37 55 10. 20
N 2 DL—32 40 0 2.5
° 3 DL—38 80 5 10
° 4 DL—39 60 0 15
N 5 DL—4 0 95 15 5
N 6 DL—4 1 80 60 20
N 7 DL—33 75 15 20
N 8 DL—34 30 30 10
N 9 DL—42 62 10 0
° 10 DL—43 90 45 25
N lb DL—35 40 15 0
° 12 DL—36 80 25 5
4 1 DL—52 30 15 30
- 2 DL—44 40 30 15
° 3 DL—45 60 15 15
N 4 D L — 4 6  45 0 5
N 5 DL—49 85 20 10
N 6 DL—50 60 55 20U 7 DL—55 55 15 20
° 8 DL—47 50 25 00 9 DL—54 57 45 0
N 10 DL — 48 90 20 20
N 11 DL—53 60 0 0
° 12 DL—51 60 10 35
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- ~~~~~ 

~~19.9 2 9 . 9  39 .9  4 9 . 9  59 .9  6 9 . 9  79 .9  89 .9  9 9 . 9

INTERFERENCE FIT (INCHES x 100 ,000)

Figure F-l. Frequency distr ibution of test bearing
interference f i t .
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FERENCE STATIC RADIAL PRESSURE (psi)
F IT
(INx1O 5) 2000T 1000T 0 .000C 2000(2
10

To 1*
19.9 

______ ______ _____ _____ ______

20
To 1 1 2 *Numbers in

2 9 .9  
_____  _____  

Matrix denote
30 number of test

To 2 1 3 1 bearings.
39.9  

______ ______ _____ _____ ______

40
To 5 4 1

4 9 . 9  
______ ______ _____ _____ ______

50
To 2 3 1 2

59. 9 
______ ______ _____ _____ ______

60
To 2 1 2 3 2

69 .9  
______ ______ _____ _____ _____

70
To 1
79.9 

______ ______ _____ _____ ______

80
To 2 2

89.9  
______ ______ _____ _____ ______

90
To 1 1 1

99.9  
______ ______ _____ _____ _____

TOTAL 13 1 12 10 12

Figure F—2. Interference fit — static radial
pressure distribution .
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APPENDIX G

VARIABLES USED IN STEPWISE MULTIPLE RE GRESSION PROGRAM
FOR EMPIRICAL DETERMINATION OF WEAR-LIFE EQUATIONS

Table G-l lists the 76 variables which were used to develop
the four wear equations presented in Figure 29. Note that
variables 14, 15, and 49 were deleted from the regression
when variable 12 was specified to be the dependent variable.
Similarly, variables 12, 15, and 49 were deleted when vari-
able 14 was the dependent variable. The remaining 72 vari-
ables were eligible for selection by the computer as described
in Appendix B. Those that do not apnear in the equations of
Figure 29 were deleted by the computer because they did not
explain more than 0.2% of the variation in the dependent
variable.
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TABLE G-1. LIST OF VARIABLES USED FOR EQUATIONS SHOWN
IN FIGURE 29

- HAP # HAP #
! ‘JAF.: NAME 1..JAF. NAME
1 HONE 45 ( ::.:3 :~lo:I ...’looo
2 S:~::D 45 i::~

.
~7~~:9):3 P—D—680 47 ::•:::~:4 :‘K iTiROL SOUR 48 i:x3*>~:1:3) ..‘1001:i

5 WATER 49 RADIAL PLAY
S STATIC PAD PRES 50 LOCH (TIME)
7 3PE~t’ 51 I:SRFI “3:’ /1Ci”9
S F~1G USC. 52 >::2~ X6~x1 0’ 11:100
~ C~ c LT C FAD FFE~ s: :~ io~ i: iooo

10 STATIC A>: LOAD 4 :~<4~xio
ii TIME F:F X5~X 1U
12 TOTAL ERG WEAR ss :~z~x6~x1o/ 1oclo
13 F’HASE ANG 

~~ AES ‘JAL ‘ SPF14 CU HF’ WEAR 58 MAX STPE3S
15 TENS WEAR ~9 t iIN STRESS
16 I NTERF FIT EU STRESS RANGE
1~’ INITIAL RD FLA Y si >::3~Ex1o
1:3 INITIAL AX F’Lf~’i ~2
21 WATEF :*TIF1E 53 ::2~ X1U
22 LOAD PAT 10 64 ::.::5~x9
23 •i::F’M~ANC Os,:: ss ::::4~ >::9
~s t:.yc:LII:: LOAD 

~~~~~, :~3~ >::~
~s +i:;F:—c~ I::LIc: LD 67 ::2~::.::9
27 C:YC: NfIR}:::...’ 1000 5:3 X4~ X6
~~ A~~~iF’ ’ I  11:1 1: ~~; :.

7Ci ::::3~O~X 1:3:o ~FF AHG OEC ‘ :. ~~ u 1000
32 MOD LD PATIO 7 2 ::.c3*::~6:: I ~ * 7’ 1 0  4*
~4 5• t ~ ~4 4~ ETA I .JFI~ ~~:5 ~~~ i: ~~:36 ::.::6~X 10 7

77 X4~X7~~8:::7OX1O 7:3 X3~ >::7~X8
81 i:STA T WF:I :’ •. ‘iO”6

411 E~ 10 ~ ioi i ooo
41 :: :5*::..: 1:3
42 I.::iO*::.::1.3:,... 1001:1
4:3 I..9*~~1::i /1000
44 I x ~~.*: :9 I /1I:11113
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TABLE G-l (Continued).  LIST OF VARIABLES USED FOR EQUATIONS
SHOWN IN FIGURE 29.

Notes:
1. Variables 1 through 5 are the contaminants listed in

Table 4.
2. Variables 6 through 10 and 13 are the variables

listed in Table 4 .
3. Variables 11 and 50 are time in hours and the natural

logarithm of time, respectively.
4. Variables 12, 14, and 15 are the wear values listed

in Tables 9, 7 , and 8 , respectively.
5. Variables 16, 17 , and 18 are interference f i t ,

initial radial play , and initial axial play as des-
cribed in Appendix F.

6. Variables with numbers higher than 18 were calculated
by the computer as explained in Appendix B.

7. The symbols * and / indicate multiplication and
division , respectively.
Example : Variable 56 equals water multiplied by
static radial pressure multiplied by static axial
load divided by 1000.

8. Variable 22 is load ratio which was calculated by
obtaining the absolute value of static radial
pressure divided by cyclic radial pressure.

9. Variable 25 is cyclic load which was calculated by
multiplying cyclic radial pressure by 1.0 , 0 .707 , or
0.5 when the phase angle equals 0° , 45°, or 90°,
respectively .

10. Variable 26 is the same magnitude as variable 25
except variable 26 assumes the same sign as variable
6. (If variable 6 is tension , then variable 26 will
be tension.)

11. Variable 27 is cyclic work divided by 1000 and is
variable 23 multiplied by variable 26 and divided by
1000.

12. Variable 81 is static work divided by 106 and is
variable 23 multiplied by variable 6 and divided by
106.

13. Variable 28 is the absolute value of PV divided by
1012. It is the absolute value of the sum of
variable 81 multiplied by 1000 and variable 27.

14. Variable 29 is the square of static radial pressure
divided by 106 .

15. Variable 32 is modified load ratio and equals
variable 6 divided by variable 26.

16. Variable 49 is radial play and equals the summation
of variables 14 and 15.

17. Variable 51 is the cube of static radial pressure
divided by ~~~
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TABLE G-l (Continued). LIST OF VARIABLES USED FOR EQUATIONS
SHOWN IN FIGURE 29.

18. Variable 57 is the absolute value of static radial
pressure .

19. Variable 58 is the summation of variable 6 and
variable 9.

20. Variable 59 is variable 6 minus variable 9.
21. Variable 60 is cyclic radial pressure multiplied by

2.
22. Variable 74 is variable 4 multiplied by variable 81.
23. To avoid possible divisions by zero, a 1 was used for

all zero values of variables 6 and 9. Also , 0.1 was
used for all zero values of variables 10 and 13.
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APPENDIX H

DESCRIPTION OF EQUATION DEVE LOPMENT FOR LINER WEAR ON
COMPRESSION SIDE, LINER WEAR ON TENSION SIDE, AND

RADIAL PLAY

Equation LUBE 24A-1-6 for liner wear on the compression side,
equation LUBE 24G—l-7 for liner wear on the tension side , and
LUBE 25A—l -9 for radial play were developed from the twelve-
bay test rig data. Table H-l lists thirty—five test bearings
and twenty—nine test bearings which were used for the liner
wear equations for wear on the compression side and wear on
the tension side, respectively. It can be noted that some of
the bearings are used for both equations because these partic-
ular bearings were subjected to both tension and compression
during one complete cycle of ball oscillation. As shown in
Table H-l, three bearings from the compression load group and
three from the tension load group were not used for equation
development but instead for equation confirmation .

Table H-2 lists the thirty-five test bearings used for the
radial play equation development and the four test bearings
used for equation confirmation. Table H-2 also lists the nine
test bearings which could not be used for equation development
because the negative wear readings had not been measured .

Tables H-3, H-4, and H-5 present the test balance for the
three equations. Table H-6 presents the comparison of actual
and predicted wear values for the three confirming tests for
each of the two liner wear equations. From the Residual/Sy
values in Table H-6 we find that the equation for wear on the
compression side predicts only one out of three confirming
tests within ±~ Sy. The equation for wear on the tension side
predicts two out of three confirming tests within ±3 Sy.

Table H-7 presents the comparison of actual and predicted
radial play values for the four confirming tests for the radial
play equation. The radial play equation predicts three out of
four confirming tests within ±~ Sy.

Values of ±~ standard errors of the estimate are conventionally
used confidence lithits for verifying the ability of regression
equations to predict actual outcomes. In a Gaussian distribu-
tion , 99.7% of all the values will fall within these limits.
When actual results come outside of these limits, it indicates
a most unusual occurrence or that the equation does not predict
well. Therefore, it is concluded the predictive equations do
not predict well for the very short lives that result when
water is present.
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TABLE H-l. LIST OF TEST BEARINGS USED FOR EQUATION
DEVELOPMENT AND EQUATION CONFIRMATION

EQUAT ION DEVELOPMENT

WC EQUATION , LUBE 2 4A-l-6 WT EQUATION , LUBE 24G—l-7

BEARING DESIGNATION BEARING DESIGNATION

DL—l3 (1—1) DL—22 (2—8) DL—l3 (1—1) DL—38 (3—3)
DL— l4 (1—2) DL—21 ( 2 — 9 )  DL—7 ( l— 7 a )  DL—39 ( 3 — 4 )
DL—ll ( 1—3) DL—27 ( 2 — l i )  DL—8 ( 1—8 ) DL—40 (3—5)
DL—12 (1—4) DL—29 (2—12)  DL—l (1—9)  DL—42 ( 3 — 9 )
DL— 9 ( 1—5) DL—38 ( 3—3 )  DL—3 ( 1—10) DL—35 (3—11 )
DL— 10 (1—6) DL—4 1 ( 3 — 6 )  DL—5 ( 1—1 1) DL—52 (4—1 )
DL— l ( 1—9) DL—33 (3 — 7 )  DL— 18 ( 2 — 3 )  DL—44 ( 4 — 2 )
DL— 3 ( 1—10) DL—34 (3—8) DL—l9 (2—4) DL—50 (4—6)
DL—6 ( 1—12) DL—42 ( 3—9 )  DL—20 (2—6) DL—47 (4—8)
DL—2 8 (2— 1) DL—43 ( 3—10 )  DL—24 ( 2 — 7 )  D l—48 (4—10)
DL—26 ( 2 — 2 )  DL—36 (3—12 )  DL—22 ( 2 — 8 )
DL— 18 ( 2 — 3 )  DL—50 ( 4 — 6 )  DL—23 ( 2—10 )
DL—19 (2—4) DL—55 (4—7) DL—27 (2—11 )
DL—25 ( 2 — 5 )  DL—47 ( 4 — 8 )  DL—29 ( 2 — 1 2 )
DL—2 0 ( 2 — 6 )  DL— 48 (4— 10)  DL—37 (3— 1)
DL—2 4 ( 2 — 7 )  DL—5 l ( 4—12 )  DL— 32 ( 3 — 2 )

EQUATION CONFIRMATION

W~ EQUATION , LUBE 2 4A-1-6 WT EQUATION , LUBE 24G-l-7

BEARING DESIGNATION BEARING DESIGNATION

DL— 45 ( 4 — 3 )  DL—46 ( 4 — 4 )
DL— 49 ( 4 — 5 )  DL—54 ( 4 — 9 )
DL— 53 (4—11 ) DL—53 ( 4 — l i )
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TABLE H-2. LIST OF TEST BEARINGS USED FOR EQUATION DEVELOPMENT
AND EQUATION CONFIRMATION

EQUATION DEVELOPMENT

R.P. EQUATION, LUBE 25A-1-9

BEARING DESIGNATION

DL-13 (1-1) DL-18 (2-3) DL-37 (3-1) DL-52 (4-1)
DL—1 2 (1-4) DL-19 (2-4) DL-32 (3-2) DL—44 (4-2)
DL-9 (1-5) DL-25 (2-5) DL-38 (3—3) DL-49 (4-5)
DL-7 (1-7a) DL—20 (2-6) DL-39 (3-4) DL-50 (4-6)
DL-8 (1-8) DL—24 (2-7) DL—41 (3-6) DL-55 (4-7)
DL-1 (1-9) DL-22 (2-8) DL-33 (3—7) DL-47 (4-8)
DL—3 (1-10) DL-23 (2-10) DL-42 (3-9) DL-48 (4-10)
DL-28 (2-1) DL-27 (2-11) DL-43 (3-10) DL-51 (4-12)
DL-26 (2-2) DL—29 (2-12) DL-36 (3-12)

EQUATION CONFIRMATION

R .P. EQUATION, LUBE 25A-1-9

BEARING DESIGNATION

DL-45 (4-3) DL-46 (4-4) DL-54 (4-9) DL-53 (4-11)

BEARINGS NOT USED BECAUSE NEGATIVE WEAR READINGS
WERE NOT OBTAINED (SEE TABLES 7 AND 8)

BEARING DESIGNATION

DL-14 (1-2) DL-5 (1-11) DL-21 (2-9) DL-34 (3-8)
DL-11 (1—3) DL—6 (1-12) DL—40 (3-5) DL-35 (3-11)
DL-1O (1-6)
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TABLE H-3. SUMMARY OF TEST BALANCE
(FOR WC EQUATION , LUBE 24A-l-6)

NUMBER OF SPECIMENS
CODE VARIABLE LEVEL 32 TESTS 3 TESTS

A Static Radial Pressure 2 000 C 11 1
(psi)  l000C 9 1

0 11 1
1000T 1 0
2000T 0 0

B Speed of Ball 300 9 1
Oscillation (cpm ) 600 12 1

900 11 1

C Ball Oscillating Angle 5 10 2
(deg) 10 12 0

15 10 1

D Cyclic Radial Pressure 0 6 1
(psi) 1000 8 1

1500 9 0
2000  9 1

E Phase Angle Between 0 12 3
C&D (deg) 45 11 0

90 9 0

F Static Axial Load (lb) 0 10 2
30 11 0
60 11 1

G Contaminants None 6 0
S&D 5 0
6 80 7 0
500A 6 1

Water 8 2

- Predicted Wear Low -- 1
High -- 2
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TABLE H-4. SUMMARY OF TEST BALANCE
(FOR WT EQUATION , LUBE 24G-l-7)

NUMBER OF SPECIMENS
CODE VARIABLE LEVEL 26 TESTS 3 TESTS

A Sta t ic  Radial  Pressure 2000C 0 0
(psi) l000C 3 0

0 11 1
1000T 1 0
2000T 11 2

B Speed of Ball 300 9 1
Oscillation (cpm) 600 8 0

900 9 2

C Ball Osc illating Angle 5 9 2
(deg ) 10 9 0

15 8 1

0 Cyclic Radial Pressure 0 4 0
(psi) 1000 4 0

1500 9 0
2000 9 3

E Phase Angle Between 0 8 2
C&D (deg) 45 8 0

90 10 1

F Static Axial Load (lb) 0 9 2
30 10 0
60 7 1

G Contaminants None 6 0
S&D 6 0
680 5 1
500A 6 0

Water 3 2

- Predicted Wear Low -- 1
High -- 2

- - 
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TABLE H-5. SUMMARY OF TEST BAbANCE
(FOR R.P. EQUATION , LUBE 25A—1-9)

NUMBER OF SPECIMENS
- CODE VARIABLE LEVEL 35 TESTS 4 TESTS

A Static Radial Pressure 2000C 8 1
(psi) 1000C 7 0

0 11 1
b OOT 1 0
2000T 8 2

B Speed of Ball 300 12 2
Oscillation (cpm ) 600 13 0

900 10 2

C Ball Oscillating Angle 5 11 3
(d eg) 10 13 0

15 11 1

D Cyclic Radial Pressure 0 1 1
(psi) 1000 11 0

1500 11 0
2000 12 3

E Pha se Angle Between 0 8 3
C&D (deg) 45 14 0

90 13 1

F Static Axial Load (lb) 0 14 2
30 10 0
60 11 2

G Contaminants None 8 0
S&D 6 0
680 6 1
500A 7 1

Water 8 2
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